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Preface 
Turtles are amongst the longest-living organisms on earth, with some captive tortoises 
known to live over 250 years old. Their life cycle is simple and largely conserved 
throughout the taxa. Adult turtles oviposit a relatively large clutch(es) of eggs in nests 
constructed on land; most of these nests are destroyed by predators, but if a clutch of 
eggs is lucky enough to survive, then hatchling survival is low; the juvenile period is 
extended before the turtle matures, and then has high survival and an extended 
reproductive life (Fig. 1). 
 
Figure 1 Life cycle of turtles. (For the love of turtles, 2014, accessed 28/08/2014, 
http://fortheloveofturtles.weebly.com/turtle-lifecycle.html) 
 
But it is early in life where an individual’s life cycle takes shape. Exposure to variation 
in thermal and hydric conditions has favoured an ability to respond to environmental 
factors through adaptive developmental plasticity. Differences in the thermal 
environment of the nest has long-lasting effects on traits, such as sex (Bull 1980; Du, 
W-G et al. 2007; Warner and Shine 2010), growth (Richner et al. 1989; Sinervo and 
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Adolph 1989; Rhen and Lang 1995; Spencer 2002), and survival (Gutzke et al. 1987; 
Andrews et al. 2000). Variation in environmental conditions affects the rates and 
trajectories of embryonic development, which in turn affects hatchling phenotypes, 
having long-term effects on survival and reproduction (Du, W et al. 2013). How natural 
selection modifies phenotypic traits through developmental plasticity is an exciting field 
of study (Du, W et al. 2013). Natural selection may fine-tune developmental responses 
so that embryos reduce risks of predation or develop into high-quality offspring, even 
though they develop under conditions that reduce viability in ancestral species (Shine 
and Deeming 2004; Du, W et al. 2013).  
 
This study explores the complex evolutionary interplay between developmental 
plasticity in embryos and longer term effects on juvenile growth and survival in an 
Australian freshwater turtle. The thesis is divided into two sections. Section one 
consists of three chapters exploring intra-clutch adaptations to counteract thermal 
gradients within a nest. Section two consists of two chapters exploring the potential 
long-term effects of climate change on Murray River short-necked turtles, Emydura 
macquarii, as well as developmental plasticity and the interplay between incubation 
conditions and the post-hatching environment on juvenile growth and survival. 
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Abstract 
This study explores the role of temperature on the early life history traits of Murray 
River short-necked turtles, Emydura macquarii. Firstly, I investigate the role of 
incubation temperature in inducing adaptive behavioural and physiological strategies 
within the nest. Secondly, I explore the interaction between genes, developmental 
conditions and the post-hatching environment to determine long-term effects on 
growth and survival of turtles. Lastly, I review the impact of climate change and 
habitat modifications on Murray River turtles. 
 
Investigation of heart rates of embryonic turtles incubated at constant temperatures 
(26
o
C and 30
o
C) revealed that heart rates experience circadian rhythms independent to 
time of day and the peak heart rate varies throughout the day between individuals. 
Heart rate patterns were consistent throughout the individuals monitored in that the 
peak heart rate and the minimal heart rate were observed 12 h apart, and intermediate 
heart rates occurred 6 h before and after these extremes. Heart beats per minute varied 
between individuals, but embryos showed 15-20% difference in heart rate throughout 
at 24 h period. This provides evidence of flexibility in metabolic activity independent 
of temperature. 
 
Examination of the differences in heart rates of embryonic turtles incubated in either a 
group environment or individually, at a constant 30
o
C, and in darkness, showed that 
mortality rates were not affected but embryos incubated in the group environment had 
significantly shorter incubation duration. Heart rates were significantly higher in the 
embryos incubated individually during the middle of incubation, but were similar for 
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the final two weeks of incubation. The mean heart rate variability was significantly 
higher in embryos incubated individually during the final two weeks of incubation. 
There was no significant difference between the two treatments in either 
neuromuscular ability or morphology. Changes in heart rates within a nest environment 
may be important for coordinating development and hatching between individuals in a 
nest. 
 
Analysing the order of oviposition in relation to incubation temperature in embryonic 
turtles incubated in fluctuating regimes indicated that eggs may be differentially suited 
for a particular temperature environment. Control eggs had shorter incubation duration 
when incubated with respect to oviposition order under two fluctuating temperature 
regimes (both equivalent to a constant 26
 o
C) reflecting temperatures experiences at the 
top and at the bottom of a nest. Bottom nest incubation temperatures fluctuated 
between 23
o
C and 29
 o
C and top of nest incubation temperatures fluctuated between 19
 
o
C and 33
 o
C over a 24 h period. That is, if an embryo was oviposited early, it would 
incubate at the bottom of the nest and be exposed to slight fluctuations in temperature, 
and if an embryo was oviposited late it would be exposed to high fluctuation in 
temperature at the top of a nest. Order of oviposition also affected egg mass, with eggs 
oviposited early being heavier than those oviposited last, but this was not reflected in 
hatchling mass. There was no significant difference in neuromuscular ability between 
the treatment groups. Embryonic heart rates in the high fluctuating treatment group 
maintained significantly higher heart rates at the intermediate temperature of 26
o
C in 
the second last week of incubation, but in the final week of incubation the embryos in 
the control group had significantly higher heart rates at both an intermediate 
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temperature (26
o
C) and a low temperature (19
o
C). In the slight fluctuating temperature 
regime, the embryos in the control group had significantly higher heart rates in the 
final week of incubation during the hotter temperature period (29
o
C). This study 
indicates turtle embryos are optimised for an incubation environment that their 
oviposition order, and subsequent position within a nest, would dictate. 
 
Studying the interaction between genotype, incubation temperature, and post-hatching 
environment (population density or temperature) on growth in hatchling turtles 
indicated effects of genotype and incubation temperature was still evident 11 months 
after hatching. Hotter post-hatching environments encouraged higher feeding rates in 
turtles and had significant effects on growth 11 months after hatching. The effect of 
higher population densities on growth was evident one month after hatching but not at 
5 or 11 months after hatching. Oviposition order also affected growth, whereby late 
oviposited hatchings incubated at a hotter temperature (30
o
C) and reared in a warmer 
post-hatching environment, grew faster than turtles from the same clutch oviposited 
earlier. Long-term effects of genotype, oviposition order, incubation temperature, and 
post-hatching environment are evident in turtles. 
 
The results from this thesis identify areas of plasticity in embryonic and hatchling 
turtles at different life stages. Long-lasting environmental effects exist and a narrow 
range of thermal optima has been identified as being advantageous to hatchling turtles 
when they are at their most vulnerable. 
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Introduction 
 
Reptiles employ a wide array of strategies to increase offspring fitness during 
embryonic development. Many oviparous species display postovipositional care of 
embryos (reviewed in Shine 1988) such as, defending nests (Kushlan and Kushlan 
1980), regulating egg water balance (Somma and Fawcett 1989), thermoregulation of 
eggs (Stahlschmidt and DeNardo 2010), or excavating nests (Vergne and Mathevon 
2008). Postovipositional care in turtles is rare, but active defence of nests, has been 
observed in the Asian forest turtle, Monouria emys (Kuchling 1998), and the desert 
tortoise, Gopherus agassizii (Barrett and Humphrey 1986). The yellow mud turtle, 
Kinosternon flavescens, will attend their nest for a proportion of the incubation period 
(Iverson 1990), and the arrau turtle, Podocnemis expansa, will respond to hatchlings 
sounds and times their migration with hatchling emergence (Ferrara et al. 2013).  
In turtles, the level of parental investment is largely defined by the quality of the nest 
site (Bernado 1996), egg placement within a nest (Thompson 1988), yolk contents 
(McCormick 1998) and clutch and egg size (Carr and Hirth 1961). Nests are complex 
chambers where environmental conditions can vary not only between nest sites but 
also within a nest. As ectotherms, embryonic development in reptiles is particularly 
affected by temperature, but recent research has discouraged the notion that 
ectothermic embryos are passive to their incubation environment despite being 
confined within an egg, and subsequently a nest. Despite temperatures varying by up 
to 10.4
o
C over 24 h in nests of the Murray River short-necked turtle, Emydura 
macquarii (Thompson 1988), synchronous hatching still occurs with the potential 
benefit of predator dilution (Spencer et al. 2001; Colbert et al. 2010), avoid predators 
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attracted to partially excavated nests (Vitt 1991) and group excavation of nests to 
alleviate individual costs of digging out (Carr and Hirth 1961).  
 
Although thermal gradients within a nest (Thompson 1988) should encourage 
asynchronous development, embryos have exhibited complex behavioural and 
physiological adaptations to either alter their developmental rate. The Chinese soft-
shelled turtle, Pelodiscus sinensis, responds to heat gradients by moving position 
within the egg, effectively altering its incubation temperature (Du et al. 2011), E. 
macquarii increases metabolism in response to the presence of more advanced 
siblings (McGlashan et al. 2012), and painted turtles (Chrysemys pitca) shortens 
incubation duration before embryonic development is complete in response to the 
presence of more advanced siblings (Colbert et al. 2010). These adaptations are not 
wholly without cost though, and E. maquarii hatchlings that speed up embryonic 
development have less yolk reserves to rely on after hatching (McGlashan et al. 2012) 
and early hatching C. picta have reduced neuromuscular function for at least 9 months 
after hatching (Colbert et al. 2010). Although synchronous hatching has been 
observed in many turtle species, the mechanisms behind this phenomenon are still 
unclear. 
 
The ability to hatch synchronously infers some level of communication between 
embryos in the nest. Nile crocodiles (Crocodylus niloticus) hatch before they are 
developmentally ready in response to embryonic vocalisations (Blake 1974) and, 
while to our knowledge embryonic vocalisation has not been observed in Chelonians 
to date, hatchling vocalisations have been observed in the arrau turtle (Ferrara et al. 
2013) but embryonic vocalisation may be more difficult to achieve due the lack of air 
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in the egg. Vibrations caused by hatching siblings has been attributed with faster 
hatching times in pig-nosed turtles (Carettochelys insculpta) (Doody et al. 2012). 
Other suggested means of communication are changes in heart rate, changes in 
metabolic rate and sounds associated with pipping (Colbert et al. 2010). 
 
The next three chapters of this thesis experimentally explore embryonic development 
and nest adaptations in the Murray River short-necked turtle, Emydura macquarii. As 
ectotherms, metabolic rates in reptiles are primarily influenced by temperature. The 
first chapter focusses on circadian rhythms observed in embryonic heart rates in a 
constant temperature. We know embryonic turtles can alter metabolic rates in the 
presence of heat gradients (Du et al. 2011), but this study looks at daily variations in 
heart rates of turtles kept at constant temperatures throughout incubation. The second 
chapter explores group dynamics in the nest and the influence of clutch mates on 
embryonic heart rates and the third chapter explores the concept of intra-clutch 
thermal regimes within a nest as a driving force for maternal adaptation. Nest 
morphology means that eggs oviposted early experience very different incubation 
temperatures to those oviposted late, and intra-clutch embryonic development may be 
optimised for different thermal regimes. 
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1.1 Chapter outline and authorship 
Chapter 1 is a research chapter on circadian rhythms in heart rates of embryonic 
turtles. Eggs were collected from gravid short-necked Murray River short-necked 
turtles (Emydura macquarii) in Albury, NSW, and transported to the University of 
Western Sydney Hawkesbury Campus where they were kept at constant temperatures, 
in complete darkness, and heart rates were monitored at weekly intervals over a 
period of 24 h. Research was conducted under the UWS Animal Care and Ethics 
Committee A7477, NSW National Parks and Wildlife Service’s Permit 12975 and 
NSW Fisheries Permit P09/0070-1.0. 
 
This manuscript is jointly authored, I am the primary author and I collected the eggs 
with Dr Ricky-John Spencer. Heart rate measurements were taken by all four, I wrote 
the introduction and discussion of the manuscript and acted as corresponding author. I 
also rewrote the methods and results sections after the manuscript was peer-reviewed. 
Dr Ricky-John Spencer designed the experiment, carried out the data analysis and 
provided editorial feedback on earlier version of the manuscript. Karen Harland 
contributed to earlier versions of the methods section and Alana Strassmeyer 
contributed to earlier versions of the results section. 
 
We would like to acknowledge and thank the editor and anonymous reviewers who 
provided feedback on the following manuscript prior to its acceptance by the journal. 
 
This chapter is a published paper and should be cited as:  
Loudon, FK, Spencer, R-J, Strassmeyer, A & Harland, K (2013) Metabolic circadian 
rhythms in embryonic turtles. Integrative and Comparative Biology, vol. 53, no. 1, pp. 
175-82. DOI: 10.1093/icb/ict040 
 27 
1.2 Introduction 
Many physiological processes fluctuate cyclically in response to external factors 
despite internal homeostatic control (Massin et al. 2000). Heart rate, for example, is 
an important metabolic index that is controlled by homeostasis, but is affected by 
other stimuli, such as environmental temperature, activity patterns, and hormones 
(Lillywhite et al. 1999). Circadian rhythms are endogenously driven 24-hour cyclical 
fluctuations of biochemical, physiological, or behavioral processes (Reppert, Steven 
M. and Weaver 2002) that respond to external cues, such as daylight, temperature, or 
even biological cues. For example, in mammals, fetal heart rate is synchronized with 
maternal physiological processes during the last stages of gestation (Mirmiran et al. 
1992). In oviparous species without maternal care, true circadian rhythms may not 
occur because eggs are often deposited underground and cues such as the light/dark 
cycle, maternal physiological cues, and even daily temperature fluctuations are either 
not present or vary dramatically, depending on the position of the embryo within the 
nest. Endothermic broiler chicken (Gallus gallus domesticus) eggs kept under 
conditions devoid of variation in temperature and light exhibit 40-90 min cycles but 
not circadian rhythms as such (Akiyama et al. 1999). In contrast, metabolic circadian 
rhythms (oxygen consumption) establish from as early as the first few days of 
development in five species of snake embryos and the daily fluctuations reflect the 
activity patterns of adults (Dmi'el 1969).  
 
Until recently oviparous embryos were viewed as thermally passive, relying on 
maternal selection of nest-sites to determine ambient nest temperature (Shine 2006); 
however, embryos of the Chinese soft-shelled turtle (Pelodiscus sinensis) alter 
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metabolic rates by physically moving within the confines of the egg when exposed to 
heat gradients (Du et al. 2011). Also, embryos of the Murray River short-necked turtle 
(Emydura macquarii) can endogenously increase metabolic rates and heart rates and 
in consequence hatch at a more advanced stage (McGlashan et al. 2012). 
Compensatory or accelerated embryonic growth also occurs in birds (Clark et al. 
2010), with eggs oviposited late within a clutch maintaining higher metabolic rates 
than eggs oviposited earlier.  
 
External temperature may broadly set metabolic rates of developing reptiles, but 
embryos may be able to adjust developmental rates over a certain range at a given 
temperature. If developmental processes (e.g. heart rate and metabolic rate) display 
circadian rhythms, accelerated development may relate to changes in the daily cycle 
by responding to more specific biotic (e.g. developmental rate of siblings) 
(McGlashan et al. 2012) and abiotic (e.g. floods and hypoxia) (Doody et al. 2001) 
factors and not to temperature per se (Spencer, R-J and Janzen 2011). The first step in 
understanding plasticity of embryonic development in oviparous species is to develop 
daily profiles of development throughout incubation. The aim of this study was to 
develop profiles of embryos’ heart rate for the freshwater turtle E. macquarii under 
constant temperature and lighting conditions to determine if circadian rhythms exist 
and at what stage of embryogenesis they become established.   
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1.3 Methods 
1.3.1 Study Species 
Belonging to the family Chelidae, E. macquarii is a short-necked species of turtle that 
inhabits freshwater lagoons of the Murray Darling Basin and some river basins of 
coastal New South Wales and southeastern Queensland, Australia (Cann 1998). These 
turtles spend the majority of their life in water (Vitt and Caldwell 2009), only coming 
onto land to lay eggs or bask. Their clutches consist of 10-30 eggs and are oviposited 
during or after rain from October to December (Bowen et al. 2005). Within a nest 
sibling communication occurs among developing embryos apparently to facilitate 
group hatching and emergence from the nest. Embryos can accelerate metabolic rates, 
particularly during the last third of development, ensuring that all embryos hatch at 
similar developmental stages despite thermal gradients occurring between the top and 
bottom of a nest (Spencer, R-J et al. 2001). 
 
1.3.2 Acquisition of Eggs 
Using funnel and cathedral traps, E. macquarii were captured from a lagoon off the 
Murray River, Albury, New South Wales (36°03'S, 146°56'E) from 9-13 November 
2010. To induce oviposition female turtles were palpated in the inguinal region to 
determine if they were gravid, and gravid females were given a subcutaneous 
intramuscular injection of 2ml of oxytocin (Ilium Syntocin 10 IU/mL, Troy 
Laboratories PTY LTD) in the thigh (Spencer, R-J et al. 2001) and then placed in 
enclosed containers until oviposition. Eggs were marked with a soft pencil (2B) to 
identify the clutch and the egg’s position. Eggs were buried in moist vermiculite as 
they were oviposited and kept cool in a dark, air-conditioned room for up to 3 days 
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until all eggs were collected. When all turtles had oviposited, the eggs were 
transported to the University of Western Sydney, Hawkesbury campus, and clutches 
were separated into individual containers for incubation. During the experiment, 
containers were weighed and hydrated weekly to maintain a 1:1 ratio of mass of 
vermiculite to mass of water and the container position was rotated within the 
incubators (Contherm 500R and Sanyo MLR) to account for potential thermal 
gradients. McGlashan et al. (2012) provide a fuller description of the collection of 
eggs and of maintenance of incubation. 
 
1.3.3 Experimental Design 
Heart Rates of embryos (HR: bpm) were monitored and compared between eggs 
incubated at 30
o
C and at 26
o
C at four times (6am, 12noon, 6pm and 12am) over a 
24hr period, once every 7-11 days. Each week, four random clutches were chosen 
from each temperature regime and an individual egg from each clutch was randomly 
selected to measure heart rate over 24h. Eggs were immediately placed on a Buddy 
digital egg monitor system® (Avian Biotech, England) in complete darkness. See 
Lierz et al. (2006) for a full description of the Buddy system, but in brief, it senses the 
variation in intensity of infrared light absorbed and reflected by arterial vasculature as 
it pulsates in the egg membrane (Sunter 2008). Embryonic movement is detected and 
differentiated from readings of heart rate; movement is indicated on the Buddy during 
readings of heart rate (Druyan 2010). Heart rates of each egg were then recorded each 
minute for four minutes, before the egg was placed back into its original position 
within the clutch. Mean heart rate for individual eggs was calculated at each recorded 
time and also over the 24h period.   
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Consistent heart rates were detected 4-6 weeks before hatching (30
o
C and 26
o
C 
regime respectively) and individual eggs were only used for one 24h monitoring 
period during the study. The incubation length of E. macquarii in this study differed 
in respect to the incubation temperature. Dormer (2012) used Yntema (1968) 
embryonic staging criteria to compare developmental rates of E. macquarii at 
different temperatures. Progression through each embryonic stage is rapid at both 
temperatures early in development, but stage progression later in development is 
reduced at 26
o
C compared to 30
o
C (Fig 1.1. adapted from Dormer 2012). Eggs kept at 
a constant 30
o
C had an incubation length of 7 weeks, and those kept at a constant 
26
o
C had an incubation length of 9 weeks. Eggs were kept in darkness and received 
minimal and irregular exposure to light during hydration and movement between the 
incubator and egg monitor.  
 
Figure 1.1 Relative developmental rates at 30
o
C (dark grey) and 26
o
C (light grey) of E. 
macquarii based in Yntema (1968) stages of development. Adapted from Dormer (2012). 
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1.3.4 Statistical analysis 
At each time period, the difference (%) that heart rate varied from that individual’s 
mean heart rate for the 24h period was calculated. Data were tested for both 
heterogeneity and normality prior to using separate (26
o
C and 30
o
C).Two-way 
repeated-measures ANOVAs (week of incubation X sampling period during 24h 
period) were used to test differences in heart rates throughout a 24h period and to 
ascertain whether those differences related to time of day (Sigmastat 3.1; Systat 
Software Inc., Point Richmond, USA).  
 
1.4 Results 
Neither peak heart rate nor minimum heart rate in E. macquarii were associated with 
time of day at either temperature, however, a cyclical peak and minimum heart rate 
was observed throughout each 24h period (Fig. 1.2). A general pattern occurred in 
both incubation regimes, whereby the peak heart rate and minimum heart rate were 
observed 12h apart, and an intermediate heart rate was recorded at 6h either side of 
the peak (Fig 1.2). At 30
o
C, relative departures of heart rate from the mean were 
consistent throughout the incubation period (F2,47=12 P=0.35; Fig. 1.3(a)), and the 
peak and the minimum heart rates were significant from the time periods 6h before 
and 6h after them (F3,47= 1013, p<0.001; Table 1.1).There was no significance 
between the time periods that exhibited intermediate heart rates (i.e. +6h/-18h and the 
+18h/-6h). Similar patterns were observed at 26
o
C (Table 1.2),where relative 
departures of heart rate from the mean were consistent throughout the incubation 
period (F3,63=20 P=0.50), and the peak and the minimum heart rates were significant 
from the time periods 6h before and 6h after them (F3,63=1967, P<0.001).There was 
no significance between the time periods that exhibited intermediate heart rates (i.e. 
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+6h/-18h and the +18h/-6h). However, a significant incubation by time-period 
interaction existed (F9,63= 239, p<0.001). Similar to 30
o
C, a 12h peak to minimum 
heart rate cycle existed at 26
o
C (Table 1.2), but the duration of time from peak rate to 
the minimum rate was 6h, two weeks prior to hatching (Table 1.2, Fig. 1.3(b)).  
 
Figure 1.2 The percentage difference from the average heart rate of eggs incubated at 26
o
C 
(light grey) and 30
o
C (dark grey) at various stages before and after peak heart rates (n=36). 
Data for up to a month before hatching were pooled and the x-axis represents duration of time 
(hours) away from peak heart rate.  
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Figure 1.3 Changes in heart rate of eggs incubated at (a) 26
o
C and (b) 30
o
C over 24h at 
various stages before hatching (1-4 weeks prior to hatching). The percentage difference from 
the average heart rate for that 24h period (n=4-8) is shown. X-axis represents the hours away 
from the peak heart rate. Data from either side of the peak have been pooled to display 
average heart rates over a 24h period. The dotted black line represents 1 week prior to 
hatching, the dotted light grey line represents 2 weeks prior to hatching, the solid black line 
represents 3 weeks prior to hatching, and the solid light grey line represents 4 weeks prior to 
hatching. 
(a) 
(b) 
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Table 1.1 Pairwise Multiple Comparison Procedures (Student-Newman-Keuls) 
comparing time since peak heart rate at 30
o
C. 
 
Comparison Diff of 
Means 
P q P 
0h vs. 12h 12.667 4 21.832 <0.001 
0h vs. 6h 8.750 3 15.081 <0.001 
0h vs. 18h 7.833 2 13.501 <0.001 
18h vs. 12h 4.833 3 8.331 <0.001 
18h vs. 6h 0.917 2 1.580 0.293 
6h vs. 12h 3.917 2 6.751 0.001 
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Table 1.2 Pairwise Multiple Comparison Procedures (Student-Newman-Keuls) 
comparing time since peak heart rate at 26
o
C. 
Comparisons for factor: Time within week 1 
Comparison Diff of 
Means 
p q P 
0h vs. 12h 22.250 4 22.843 <0.001 
0h vs. 18h 18.000 3 18.479 <0.001 
0h vs. 6h 17.000 2 17.453 <0.001 
6h vs. 12h 5.250 3 5.390 0.002 
6h vs. 18h 1.000 2 1.027 0.473 
18h vs. 12h 4.250 2 4.363 0.004 
 
Comparisons for factor: Time within week 2 
Comparison Diff of 
Means 
p q P 
0h vs. 12h 14.250 4 14.630 <0.001 
0h vs. 6h 9.500 3 9.753 <0.001 
0h vs. 18h 6.250 2 6.416 <0.001 
18h vs. 12h 8.000 3 8.213 <0.001 
18h vs. 6h 3.250 2 3.337 0.024 
6h vs. 12h 4.750 2 4.877 0.002 
 
 
Comparisons for factor: Time within week 3 
Comparison Diff of 
Means 
p q P 
0h vs. 12h 12.250 4 12.576 <0.001 
0h vs. 18h 9.500 3 9.753 <0.001 
0h vs. 6h 8.250 2 8.470 <0.001 
6h vs. 12h 4.000 3 4.107 0.017 
6h vs. 18h 1.250 2 1.283 0.370 
18h vs. 12h 2.750 2 2.823 0.054 
 
 
Comparisons for factor: Time within week 4 
 
Comparison Diff of 
Means 
P q P 
0h vs. 12h 11.500 4 11.806 <0.001  
0h vs. 6h 8.500 3 8.726 <0.001  
0h vs. 18h 7.750 2 7.956 <0.001 
18h vs. 12h 3.750 3 3.850 0.026  
18h vs. 6h 0.750 2 0.770 0.590  
6h vs. 12h 3.000  2 3.080 0.036 
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1.5 Discussion 
A basic biological question is whether an organism's physiology has cyclical qualities 
that occur throughout their life-history or only develop in a mature state when 
functions become phased to daily environmental fluctuations (Johnson 1966). 
Circadian rhythms are endogenous patterns that occur over a 24h cycle. Although 
circadian rhythms respond to environmental cues (e.g. sleep patterns), many 
physiological processes establish rhythmic patterns without external stimuli 
(Golombek and Rosenstein 2010), and a significant part of understanding the 
developmental processes behind these cycles comes understanding ontogenetic 
development of endogenous metabolic processes. Circadian rhythms of behavior in 
many animals are first visible within a few weeks after birth, but daily biological 
timekeeping can begin much earlier. For example, circadian rhythms in zebrafish are 
evident by day 3 after exposure to brief pulses of light during the first day of 
development(Ziv and Gothilf 2006) and they also express clock gene (per1) 
transcription in a rhythmic fashion on the second day of development (Dekens and 
Whitmore 2008). Mammalian species develop circadian rhythms in utero, with human 
fetuses developing circadian rhythms in breathing (Patrick et al. 1978) and gross body 
movement (Roberts et al. 1979) in the final trimester. Other circadian rhythms that 
develop during final trimester of mammalian embryonic development are heart rate 
patterns in fetuses of baboons (Papio sp.) (Fletcher et al. 1996), activity/rest patterns 
in Syrian hamsters (Mesocricetus auratus) (Davis and Gorski 1988) and 
suprachiasmatic nuclei (SCN) metabolic activity in rats (Reppert and Schwartz 1984). 
In many vertebrate species, the SCN, together with the lateral eyes and the pineal 
complex, is responsible for generating and regulating circadian rhythms (Menaker and 
Tosini 1996).  
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Circadian rhythms and the mechanisms behind them have been extensively studied in 
mammals (reviewed by Reppert, Steven M and Weaver 2001), however, there are few 
studies that have investigated circadian rhythms in the embryos of oviparous species 
(Bodine 1929; Dmi'el 1969; Saigusa 1993). While the SCN is critical to maintaining 
circadian rhythms in mammals, its role may be diminished within reptilian taxa, 
where the pineal gland is largely responsible for regulating circadian rhythms (Tosini 
et al. 2001). The mechanisms of circadian rhythms in reptiles vary not only in the role 
that the organs play between species, but also in how they function during different 
seasons (reviewed by Tosini et al. 2001). Heart rates of turtle embryos in this study 
showed circadian rhythms under constant incubation temperatures. To our knowledge, 
this study provides the first evidence that heart rates in embryos in the eggs of 
oviparous species experience circadian rhythms without significant environmental 
cues. . We were able to detect circadian rhythms of heart rate mid-way through the 
incubation period (stages 19-22- Fig. 1.1), however, it is likely that circadian rhythms 
had established earlier, but our equipment was unable to reliably detect heart rates 
before these stages. Metabolic circadian rhythms (oxygen consumption) establish 
within the first few days of development in snake embryos (Dmi'el 1969), and these 
reflect patterns consistent with activity observed in their adult counterparts (Dmi'el 
1969). Although heart rates established 24h hour cycles in the current study, the 
patterns were asynchronous under constant temperature and dark conditions.  
 
The underground nests of turtles have significant thermal gradients whereby embryos 
at the top of the nest experience different conditions to those at the bottom. Patterns of 
metabolic and developmental rates synchronized within clutches are highly likely to 
occur within the complex environment of a reptile’s nest, particularly if group 
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emergence confers improved survival. Metabolic circadian rhythms may be an 
important mechanism or cue to synchronize patterns of activity among embryos 
within a nest. We know that E. macquarii have the ability to metabolically 
compensate during embryogenesis by increasing metabolic rates when in the presence 
of more advanced embryos (McGlashan et al. 2012), but the mechanisms though 
which they achieve increased developmental rates are unknown. Our results indicate 
that circadian rhythms of heart rate establish well before less developed embryos in a 
clutch respond (metabolically) to more advanced embryos during the last third of 
incubation. One mechanism, differences in heart rate among siblings, may establish 
discernable vibration or audible cues that may be detected by less developmentally 
advanced embryos (McGlashan et al. 2012). The daily fluctuations of heart rate 
during embryogenesis identified in this study may provide the mechanism through 
which less developed embryos increase their developmental rates and thereby 
facilitate early hatching and establish hatching synchrony (Colbert et al. 2010; 
McGlashan et al. 2012). Embryos may have the ability to increase or decrease heart 
rate by up to 15-20% (Fig. 1.2). Less advanced embryos in a clutch respond to cues 
from siblings during the last third of incubation by increasing both metabolic rate and 
heart rate (McGlashan et al. 2012) and by adjusting either the duration or magnitude 
of peak heart rate during the daily cycle. Accumulated increases in developmental 
rates for the last third of incubation may allow turtles to hatch earlier than expected 
without any noticeable disadvantages in terms of performance or growth (Spencer, 
and Janzen 2011; McGlashan et al. 2012; Spencer, 2012).  
 
This study found that heart rates in embryos of E. macquarii fluctuated independently 
of time of day and patterns were not synchronised between clutches, however, it is not 
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known whether eggs within a clutch are synchronised together or to the time of 
oviposition. Clutch synchronisation of heart rates and other metabolic/developmental 
processes would allow closely matched hatching times within a clutch, which may be 
important for group emergence from the nest. Further studies examining group 
dynamics and the synchronisation of circadian rhythms of clutch mates within a nest 
would demonstrate the complexity of embryonic communication. The nest 
environment provides an ideal microcosm for communication and social interactions 
to evolve and little research has occurred in this area of biology.  
 
In conclusion, endogeneous metabolic circadian rhythms establish early during 
embryogenesis in E. macquarii, with cyclical fluctuations in heart rate of up to 20% 
occurring throughout a 24h period. The nest environment is more complex than 
individual eggs merely developing independently in thermal gradients; cyclical 
fluctuations in heart rate may both represent cues and mechanisms that synchronize 
development and hatching, phenomena that appear important for achieving synchrony 
in emergence from the nest. 
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2.1 Chapter outline and authorship 
Chapter 2 is a research chapter on embryonic development in the Murray River short-
necked turtle, Emydura macquarii, when incubated in a group compared to when 
incubated individually. Eggs were collected from gravid Murray River short-necked 
turtles (Emydura macquarii) in Albury, NSW, and transported to the University of 
Western Sydney Hawkesbury Campus where they were kept at constant temperatures, 
in complete darkness, and heart rates were monitored at weekly intervals over a 
period of 24 h. Research was conducted under the UWS Animal Care and Ethics 
Committee A9910, NSW National Parks and Wildlife Service’s Permit 12975, and 
NSW Fisheries Permit P09/0070-1.0.  
 
This manuscript is jointly authored, I am the primary author and I designed the 
experiment. I took all the heart rate measurements, maintained the eggs throughout 
incubation, recorded the pipping and hatching times, took hatchling measurements 
and performed the post-hatching flip tests. Together, Dr Ricky-John Spencer and I 
carried out data analysis. Dr Ricky-John Spencer also supervised the work and 
provided feedback on earlier versions of the manuscript and Jessica McGlashan 
critiqued the manuscript. I collected the eggs with the help of Jessica K McGlashan, 
Jessica Dormer and Heidi Stricker. 
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2.2 Introduction 
Reptiles employ a wide array of strategies to increase offspring fitness during 
embryonic development. The level of parental care provided to offspring during 
ontogeny is one particular trait that varies substantially across taxa. For example, 
viviparous females can improve offspring fitness by modifying their behaviour in 
response to environmental conditions during gestation (basking time alters incubation 
length, phenotype and growth rates in the scincid lizard, Niveoscincus ocellatus 
(Wapstra 2000), whereas, oviparous species can modify incubation conditions after 
oviposition (egg brooding controls water exchange in eggs of prairie skinks, Eumeces 
septentrionali (Somma and Fawcett 1989) and temperature in eggs of Children’s 
pythons, Antaresia childreni (Stahlschmidt and DeNardo 2010). Some oviparous 
species even employ parental care by aiding the hatchlings emergence from the nest 
(Nile crocodile, Crocodylus niloticus (Vergne and Mathevon 2008)). In turtles, the 
level of parental investment is largely defined by egg quality (eg. yolk reserves) and 
the quality of the nest site, however, active defence of nests, has been observed in the 
Asian forest turtle, Monouria emys (Kuchling 1998), and the desert tortoise, Gopherus 
agassizii (Barrett and Humphrey 1986). The yellow mud turtle, Kinosternon 
flavescens, will attend their nest for a proportion of the incubation period (Iverson 
1990), and the arrau turtle, Podocnemis expansa, will respond to hatchlings sounds 
and times migration with hatchling emergence (Ferrara et al. 2013). In general, post-
oviposition parental care in Chelonia is uncommon and embryogenesis is primarily 
impacted by maternal nest site placement (Bernado 1996; Shine 2006; Refsnider and 
Janzen 2010), egg placement within a nest (Thompson 1988), yolk contents 
(McCormick 1998) and clutch and egg size (larger numbers generate more metabolic 
heat (Hendrickson 1958; Carr and Hirth 1961; Burger 1976)). However, some species 
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demonstrate control over incubation conditions despite being confined within the nest. 
The Chinese soft-shelled turtle, Pelodiscus sinensis, responds to heat gradients by 
moving position within the egg, effectively altering its incubation temperature by 
almost 1
o
C (Du, Zhao, et al. 2011). 
 
Understanding of embryonic behaviour is limited, but the communal nest 
environment provides an ideal microcosm for embryonic behaviour and 
communication to evolve. Coordinating development and synchronous timing of 
neonatal hatching and emergence benefits an individual through a reduction in 
mortality rates via predator satiation (Arnold and Wassersug 1978), reduced risk to 
predation per capita (Hamilton 1971) and shared energy expenditure of digging out of 
the nest (Carr and Hirth 1961). Turtle embryos can adjust metabolic rates (Murray 
River short-necked turtle, Emydura macquarii macquarii (McGlashan et al. 2012)) 
and reduce hatching latency periods (pig-nosed turtle, Carettochelys insculpta (Doody 
et al. 2012)) and embryo-embryo communication is thought to play a role in these 
phenomena, however, the mechanisms are unknown. In birds, detectable variations of 
heart rates may represent a mechanism of sibling communication (ie. communicating 
developmental stage) in the nest (Vince 1969). The Australian turtle, E. m. macquarii, 
develops endogenous heart rate circadian rhythms during embryonic development 
(Loudon et al. 2013) and daily fluctuations may provide a mechanism of 
communicating developmental rates within a nest, as well as, a mechanism to adjust 
metabolic and developmental rates to facilitate synchronous hatching. 
Environmentally Cued Hatching (ECH), whereby embryos exhibit environmentally 
induced plasticity in their timing of hatching in response to both biotic and abiotic 
signals, is a little-known but fast emerging topic (reviewed by Warkentin KM and 
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Caldwell MS 2009; Spencer and Janzen 2011; Warkentin 2011). Synchronisation of 
heart rates within a clutch may represent an important biotic factor facilitating 
hatching and emergence from the nest as a group. The aim of this study was to 
determine how the group environment of a clutch affects the embryonic physiology 
and development of turtles, as well as, hatching and post-hatching performance and 
behaviour.   
 
2.3 Methods 
2.3.1 Study Species and Egg Collection 
Emydura macquarii is a short-necked species of turtle (family: Chelidae) that inhabits 
freshwater lagoons of the Murray Darling Basin and some river basins of coastal New 
South Wales and south-eastern Queensland, Australia (Cann 1998). Emydura 
macquarii are predominantly aquatic (Vitt and Caldwell 2009), emerging 
intermittently to bask or oviposit. They can oviposit up to 30 hard–shelled eggs in a 
clutch, but average 10-14 (unpublished data), either during or after rain from October 
to December (Bowen et al. 2005). Mean nest temperatures range from 16.9
o
C to 27
o
C, 
but extremes of 15.2
o
C and 33
o
C have been observed (Thompson 1988). Nests of E. 
macquarii have been reported as having thermal gradients of up to 5.9
o
C at any one 
time, with eggs positioned closer to the soil surface being warmer than eggs deeper in 
the nest for more than 75% of 24 h (Thompson 1988). Thermal gradients in a nest 
result in asynchronous developmental conditions but embryos are able to accelerate 
metabolic rates during the last third of development, enabling synchronous hatching 
with no cost to embryo neuromuscular coordination (Spencer 2001; McGlashan et al. 
2012).  
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Turtles were captured on the Murray River, Albury, New South Wales (36
o03’S, 
146
o56’E) using funnel and cathedral traps between 28th October- 1st November 2012. 
Females that were confirmed as gravid, by palpation in the inguinal region, were 
induced to oviposit by a subcutaneous intramuscular injection of 2 ml oxytocin (Ilium 
Syntocin 10 IU/ml, Troy Laboratories PTY LTD) in the thigh (Spencer 2001) and 
then placed in containers with water up to 200mm deep in a quiet, dark room until 
oviposition. Females were monitored and eggs were collected as they were oviposited 
and marked with a soft pencil (2B) to identify the egg order and the clutch. Eggs were 
then buried in moist vermiculite and kept cool in a dark, air-conditioned (~18
o
C) 
room for up to 3 days until all eggs were collected. Turtles were returned to the site of 
capture no later than 24h after capture. Eggs were transported to the University of 
Western Sydney, Hawkesbury campus, and placed into allocated containers for 
incubation.  
 
2.3.2 Experimental design 
Ten clutches were randomly divided into two treatment groups. The ‘Group’ 
treatment group consisted of four eggs from the same clutch being incubated in a 
single layer close together (not touching) in a container (length: 145 mm, width: 100 
mm, depth: 45 mm). The ‘Individual’ treatment consisted of four eggs from the same 
clutch incubated separately in individual containers (length: 85 mm, width: 85 mm, 
depth: 45 mm). Eggs from each clutch were represented in both Group and Individual 
treatments. All containers were half filled with vermiculite and eggs were buried in so 
that around 50% of the egg was in contact with the substrate. During the experiment, 
containers were weighed and hydrated weekly to maintain a 1:1 ratio of mass of 
vermiculite to mass of water and the container position was rotated within the 
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incubators (Contherm 500R and Sanyo MLR) to account for potential thermal 
gradients. McGlashan, Spencer & Old (2012) provide a fuller description of the 
collection of eggs and maintenance of incubation.  
 
Heart rates (HR: bpm) of embryos were monitored and compared between eggs 
incubated at a constant 30
o
C at four times (6 am, 12 noon, 6 pm, and 12 am) over a 24 
h period, once every 7 days. Each week, four clutches, consisting of 4 eggs in each 
treatment, were chosen for HR monitoring. Eggs were immediately placed on a 
Buddy digital egg monitor system 
(R)
 (Avian Biotech, England) in complete darkness. 
Lierz et al. (2006) provide a fuller description of the Buddy HR monitors, but briefly, 
Buddy monitors sense variations in the intensity of infrared light absorbed and 
reflected by arterial vasculature as it pulsates in the egg membrane (Sunter 2008). 
Heart rates of each egg were monitored until a stable HR was reached (generally less 
than 30 s), before the egg was placed back into its original position within the clutch. 
Consistent HRs were detected 4 weeks before hatching and each clutch was 
monitored at least once during the incubation period. Eggs were incubated at a 
constant 30
o
C and kept in darkness, only receiving minimal and irregular exposure to 
light during hydration and movement between the incubator and egg monitor. 
Incubation length was measured in days from time of oviposition to time of pipping 
(Gutzke et al. 1984).  
 
Hatchling mass (g), straight carapace length (mm) and straight plastron length (mm) 
were measured and within 12h of hatching, hatchlings were placed on a table (where 
room temperature was ~26
o
C), carapace down, and timed to see how long it took 
them to right themselves (up to 300s), as an indication of performance ability and 
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coordination (Colbert et al. 2010). The hatchlings are required to use their neck and 
head to flip themselves onto their plastron. Aquatic hatchlings unable to right 
themselves after being destabilised on their journey from nest to water (Burger 1976) 
potentially increase their risk to predation and dehydration (Finkler 1999; Delmas et 
al. 2007).  
Paired t-tests (clutch means) were used to evaluate the impact of group size on 
incubation period, weekly and annual heart rates, heart rate variability, post-hatching 
performance (righting ability) and a range of hatchling morphological features, such 
as size (plastron and carapace length) and mass.  
 
2.4 Results 
Mortality rates during the incubation period did not differ significantly between 
treatments with 17.5% (7 eggs) and 15% (6 eggs) egg mortality in the group and 
individual treatments respectively (n=80, p>0.5). Two clutches had 50% and 75% 
mortality during the incubation period in the group treatment and were subsequently 
excluded from further analyses. 
 
Embryos in groups had significantly shorter incubation periods, hatching up to 2 days 
earlier than clutch mates incubated individually (Fig. 2.1, t9=3.75 p=0.004). There was 
no significant difference between the treatments for the mean time taken from when 
the first egg in a clutch pipped and when the final egg in a clutch hatched. Hatching 
completion took an average of 2.75 ± 0.41 days for group eggs and an average of 2.63 
± 0.32 days for isolated eggs after the initial pipping occurrence within the respective 
treatment and clutch. 
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Figure 2.1 Incubation duration across clutches until pipping. Group treatment represents 
embryos incubated in a group of 4 and the individual treatment represents embryos incubated 
singularly, n=57 + SE. 
 
Heart rates across both treatments decreased as embryonic development progressed. 
During earlier stages of incubation, mean HRs of embryos in groups were 
significantly lower than their clutch mates that were kept in isolation (Fig. 2.2, Week 
4- t3=5.28 p=0.01**, Week 5- t3=3.98 p=0.03*). Heart rates were similar during the last 
two weeks of incubation and were maintained at higher rates by embryos in groups 
during the last week of incubation (Fig. 2.2, n=32, p>0.5). Variation in HRs of each 
clutch was measured within treatments by calculating the difference between  75
th
 and 
the 25
th
 percentile at each time members of the clutch were measured, then the mean 
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value for each egg was calculated over 24h. Variation in heart rates between members 
of a clutch over a 24h period was significantly reduced in groups during the last two 
weeks of incubation (Fig. 2.3, Week 6-t15=2.2 p=0.04* ± SE, Week 7 t15=2.4 p=0.03**). 
 
 
Figure 2.2 Heart rates observed in embryos over a 24h period during incubation. HR was 
averaged over the four time periods for each clutch and then these averages were used to 
calculate a mean HR per week for each treatment. The black dashed line represents embryos 
incubated in a group of 4 and the grey solid line represents embryos incubated singularly 
(mean heart rate ± SE, n= 120). 
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Figure 2.3 The difference in HR between the 75th percentile and the 25th percentile of each 
treatment was calculated at the four time points for each clutch. These values were then 
averaged across all 4 clutches for every week. The black dashed line represents embryos 
incubated in a group of 4 and the grey solid line represents embryos incubated singularly 
(mean heart rate ± SE, n= 120). 
 
Hatchlings from the group treatment showed better performance ability and were able 
to right themselves faster than sibling hatchlings that were incubated in isolation (Fig. 
2.4), but treatment effects were not significant (t7=2.12 p=0.07). None of the post-
hatching morphological traits were significantly different between treatment groups 
(Fig. 2.5, n=67, p>0.5).  
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Figure 2.4 Average time for hatchlings to right themselves per clutch. The black column 
represents embryos incubated in a group of 4 and the grey column represents embryos 
incubated singularly (8 clutches, average number of seconds per clutch +SE, n=28).  
 
0
10
20
30
40
50
60
70
80
90
Group Individual
A
ve
ra
ge
 n
u
m
b
er
 o
f 
se
co
n
d
s 
p
er
 c
lu
tc
h
 
 65 
 
Figure 2.5 Morphological assessment of hatchlings where A= hatchling weight (g)/egg weight 
(g); B= egg weight (g) /hatchling plastron length (mm); C= egg weight (g)/carapace length 
(mm); D= hatchling weight (g)/plastron length (mm); and E= hatchling weight (g)/carapace 
length (mm). The black columns represent embryos incubated in a group of 4 (n=30) and the 
grey columns represent embryos incubated singularly (n=28) +SE. 
 
2.5 Discussion 
Here we show that embryonic development and hatching are impacted by the group 
environment of a clutch of eggs. Eggs that were incubated as a group had reduced 
heart rates during the middle stages of development compared to clutch mates 
incubated individually, but maintained higher heart rates during the final stages of 
incubation, resulting in Group embryos hatching up to 2 days earlier than siblings 
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incubated in isolation (Fig. 2.1). The maintenance of higher heart rates during this 
period and subsequent earlier hatching of turtles incubating in groups, lends some 
support to the notion that incubation period is determined by a fixed number of heart 
beats (Du et al. 2009), although other factors need to be considered. Cortisol treated 
damselfish, Pomacentrus amboinensis, displayed higher heart rates throughout 
embryogenesis but incubation period was not affected (McCormick and Nechaev 
2002). Increases in heart rate was linked to higher growth rates that required longer 
rest periods, at the expense of overall growth up to knot formation (McCormack and 
Nechaev 2002) and size at hatching (McCormick 1998). However, elevated heart 
rates throughout embryogenesis in the turtle embryos were not associated with 
reduced hatchling size. Differences in heart rates between groups and siblings kept in 
isolation also indicate that the communicative abilities and responsiveness of embryos 
is potentially heightened during the last few weeks of incubation, which is primarily 
geared to hatching and emergence preparation and potentially coordinated hatching as 
a group. Less developed embryos in a clutch increase their metabolic and 
developmental rates during this period to facilitate synchronous hatching in E. m. 
macquarii (McGlashan et al. 2012). 
 
Endogenous circadian rhythms of heart rates establish early in development in E. m. 
macquarii (Loudon et al. 2013), but circadian rhythms were not synchronised 
between siblings within a clutch. However, variation in heart rates between siblings in 
groups was significantly less compared to siblings incubating in isolation (Fig. 2.3). 
Interestingly, in the final week of incubation the amount of variation in HR within a 
clutch at each time point increased both treatments. This increase in variation, 
together with the fact the turtles in both treatments began pipping on average within 
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24h of each other (Fig. 2.1), suggests that there may be a predetermined 
developmental trajectory that turtles are roughly adhering to despite being incubated 
separately. Embryonic heart rates in bank swallows, Riparia riparia, incubated 
separately showed similar patterns throughout development within clutches (Tazawa 
et al. 1994), likewise, there is less intra-clutch than inter-clutch variation in the 
domestic pigeon, Columba domestica (Burggren 1999).  
 
Heart rates are influenced by intrinsic and extrinsic factors (Du, Ye, et al. 2011). 
Embryonic heart rates in birds are affected by their degree of development at hatching 
(ie-altricial/precocial) and egg mass (Ar and Tazawa 1999), as well as temperature 
(Bennett and Dawson 1979). Likewise, embryonic heart rates in reptiles vary in 
respect to the corresponding adult body size (Du, Ye, et al. 2011) and also 
temperature and oxygen availability (Du et al. 2010). Cardio-regulating nerves and 
neurohormones regulate heart rates (Guirguis and Wilkens 1995) and the maturing of 
embryonic sensory systems late in development may allow feedback mechanisms to 
coordinate hatching, as well as development. Although the group environment did not 
appear to affect hatchling morphology, there is limited support for it being important 
for neuromuscular development. We show that hatchlings in groups have improved 
righting abilities than siblings incubated in isolation, although the difference was not 
significant at p=0.05 (p=0.07, Fig. 2.4). The incubation environment provides an 
embryo with a variety of tactile, vestibular, chemical, and auditory sensory 
information, and specific stimulation of the sensory systems during embryonic 
development is important in the development of early cognitive ability (Reynolds and 
Lickliter 2002). For example, quail embryos receiving auditory stimulation during 
middle or late stages of prenatal development have altered postnatal visual 
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responsiveness when compared to controls (Markham et al. 2008). Prenatally 
stimulated birds also have a greater number of cells per unit volume of brain tissue in 
the midbrain region that is implicated in multisensory function. The sensory 
experience of the group environment of a turtle nest delivered during prenatal 
development may have effects on postnatal cognitive ability, as well as on the 
developmental trajectory of brain growth and development and thus affect post-
hatching neuromuscular function (eg. Righting ability, Fig. 2.4).  
 
Group coordination of development is important because hatchlings are vulnerable to 
predation when emerging from the nest and traversing to the water (Herman et al. 
1995). Synchronous hatching through group coordination of development may 
increase survival rates through the dilution effect (Dehn 1990) or predator satiation 
(Arnold and Wassersug 1978). Similarly, selection for group coordinated 
development and synchronous hatching is to avoid predation by prey-switching, 
whereby a generalist predator switches to a more abundant prey species (Ims 1990). 
Emydura m. macquarii nest en masse, and nest densities can be very high (Spencer 
and Thompson 2003), meaning that many nests may experience similar incubation 
conditions and hatchling emergence may occur over a short period of time, drawing 
predators to the area. Communication between embryos in a clutch occurs 
(McGlashan et al. 2012) and we now demonstrate that developmental rates are 
affected in a group environment; both traits may be under strong selective pressures 
of high mortality rates from predation.  
 
Despite being confined to an egg, embryos use adaptive responses when confronted 
by changes in their environment, such as behavioural thermoregulation and thermal 
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acclimation (Du, Ye, et al. 2011). Similar to thermoregulatory behaviour displayed in 
post-hatching ectotherms, turtle embryos can move in the egg and exhibit behavioural 
thermoregulation (Zhao et al. 2013). Limited accelerated development can also occur 
independent of temperature in response to sibling developmental rates (McGlashan et 
al. 2012) but the cues and physiological mechanisms are unknown. Embryonic birds 
(Vince 1969) and crocodiles (Vergne and Mathevon 2008) exhibit vocal 
communication, and more recently, embryonic turtle vocalisations have been recorded 
(Ferrara et al. 2013). Hatching coordination is important for offspring survival- too 
early, and the hatchling may expend more energy digging out of the nest (Carr and 
Hirth 1961) and too late, increases exposure to predators that may be attracted to an 
open nest or other hatchlings (Congdon et al. 1983). Changes in heart rate between 
clutch members may represent an important cue for coordinating hatching and 
development between individuals within a nest. 
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3.1 Chapter outline and authorship 
Chapter 3 is a research chapter on embryonic development in the Murray River short-
necked turtle, Emydura macquarii. Due to thermal gradients in the underground nests, 
eggs that are oviposited first and develop at the bottom of the nest, experience 
different temperatures and temperature fluctuations than those oviposited last that 
develop at the top of the nest. This paper describes the effects when eggs are 
incubated under thermal regimes they would not normally be exposed to. Eggs were 
collected from gravid Murray River short-necked turtles (Emydura macquarii) in 
Albury, NSW, and transported to the University of Western Sydney Hawkesbury 
Campus where they were kept at constant temperatures, in complete darkness, and 
heart rates were monitored at weekly intervals over a period of 24 h. Research was 
conducted under the UWS Animal Care and Ethics Committee A9910, NSW National 
Parks and Wildlife Service’s Permit 12975, and NSW Fisheries Permit P09/0070-1.0.  
 
This manuscript is jointly authored, I am the primary author and I designed the 
experiment. I took all the heart rate measurements, maintained the eggs throughout 
incubation, recorded the pipping and hatching times, took hatchling measurements 
and performed the post-hatching flip tests. Together, Dr Ricky-John Spencer and I 
carried out data analysis. Dr Ricky-John Spencer also supervised the work and 
provided feedback on earlier versions of the manuscript. I collected the eggs with the 
help of Jessica K McGlashan, Jessica Dormer and Heidi Stricker. 
 
This paper has been accepted by the journal Biology Letters. 
Manuscript ID: RSBL-2014-0364.R1 
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3.2 Introduction 
Life history of reptiles predominantly centres on adaptations and mechanisms of 
temperature regulation and some remarkable embryonic adaptations have been 
discovered (Janzen and Paukstis 1991; Deeming 2004). The traditional assumption 
that embryos are passive to their environments may have discouraged investigations 
into ecological adaptations of embryos in response to environmental changes. 
However, the nest environment is no longer considered a simple chamber where eggs 
incubate independently; rather nests provide an environment where complex 
behavioural and physiological adaptations have evolved to cope with highly variable 
incubation temperatures. For example, since the discovery of synchronous hatching in 
turtles (Spencer 2001), embryonic communication (McGlashan et al. 2012), 
developmental compensation (McGlashan et al. 2012) and active embryonic thermo-
regulation (Zhao et al. 2013) have been discovered in several Chelonian species. 
Thus, embryos may have developed a suite of life history strategies to enhance 
development and survival. With underground incubation temperatures fluctuating 
daily and affected by both nest position (e.g. - full sun or partial shade) and egg 
position within the nest (e.g. eggs at the centre of nests can vary by up to 10.4
o
C 
throughout the day, but embryos at the top of a nest experience greater daily 
temperature fluctuations, often reaching thermal-extremes, compared to those further 
underground (Thompson 1988)), maternal influence on embryonic development may 
not be simply limited to nest construction and site choice. 
 
Within clutch variability in relation to oviposition order occurs in some birds, e.g. egg 
size (Slagsvold et al. 1984) and hormone levels (Schwabl et al. 1997). Life history 
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traits, such as sex determination may have evolved in response to incubation 
temperature (Warner and Shine 2010), but within clutch variation in resource 
investment may also be an adaptation to temperature differentials in a nest. Fine-scale 
adaptation of thermal-tolerance occurs in turtle embryos, with green turtle (Chelonia 
mydas) embryos experiencing different abilities to tolerate high temperatures in nests 
from two closely adjacent nesting beaches (Weber et al. 2012). To our knowledge, 
within clutch differences in thermal tolerances have not been demonstrated, but 
differences in thermal sensitivities of eggs at the top and bottom of a nest may 
facilitate synchronous hatching observed in some species.  
 
The aim of this study was to assess whether intra-clutch variation of embryonic 
metabolism and development, hatching behaviour and post hatching performance in 
response to different incubation temperatures, is directly related to oviposition order 
in a turtle. Egg oviposition order may thus provide a maternal adaptation to highly 
variable, yet predictable, fluctuating incubation temperatures that occur within a nest.   
 
3.3 Methods 
We tested for adaptation relating to egg position in an Australian freshwater turtle 
with genotypic sex determination. Emydura macquarii is common throughout eastern 
Australia and produces 10-30 eggs per clutch (Cann 1998). Eggs hatch synchronously 
(Spencer 2001) and embryos can increase metabolic/developmental rates to ensure 
clutch synchrony (McGlashan et al. 2012). Turtles were captured (36
o03’S, 146o56’E) 
using funnel and cathedral traps between 28
th
 October- 1
st
 November 2012. Females 
that were confirmed as gravid, by palpation in the inguinal region, were induced to 
oviposit by a subcutaneous intramuscular injection of 2 ml oxytocin (Ilium Syntocin 
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10 IU/ml, Troy Laboratories PTY LTD, Sydney, Australia) in the thigh (Spencer 
2001) and then placed in containers with water until oviposition. Females were 
monitored and eggs were collected as they were oviposited and marked with a soft 
pencil (2B) to identify the egg order and the clutch. Eggs were then buried in moist 
vermiculite and kept cool for up to 3 days until all eggs were collected. Turtles were 
released at their point of capture and eggs were transported to the UWS and allocated 
containers for incubation.  
 
3.3.1 Experimental design 
Ten clutches of 14 eggs each were weighed to the nearest cg and divided into two 
groups; the first half oviposited (i.e. eggs that would incubate at the bottom of nest) 
and the second half oviposited (top of nest). Four eggs from the first seven oviposited 
eggs (first half) were incubated together and four eggs from the last seven eggs of a 
clutch (second half) were incubated together. Eggs were incubated in a single layer 
close together (not touching) in plastic containers (145 mm x100 mm x 45 mm). 
Clutches were assigned to either control (first half of eggs incubated in conditions of 
low temperature fluctuations (12 h: 12 h - 23
o
C: 29
o
C), as well as, the second half of 
eggs incubated in high temperature fluctuations (6 h: 6 h: 6 h: 6 h - 19
o
C: 26
o
C: 33
o
C: 
26
o
C)) or treatment (first and second halves of eggs were subjected to opposite 
thermal regimes) groups. Both treatments represent a constant temperature equivalent 
of ~26
o
C (see Georges 1989; Warner and Shine 2010). These temperature regimes 
were chosen to reflect temperature fluctuations that would be experienced at the top 
and bottom of a nest, whilst still having the same constant temperature equivalent. 
Nest temperature fluctuations vary during the nesting season, with the highest 
fluctuations occurring at the top of the nest and early in the season (Thompson 1988). 
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Top eggs are warmer for 75% of the day but temperatures can range from 15.2
o
C to 
33
o
C (Thompson 1988). 
 
All containers were half filled with vermiculite and eggs were buried in so that only 
50% of the egg was in contact with the substrate. During the experiment, containers 
were hydrated weekly to maintain a 1: 1 ratio of mass of vermiculite to mass of water 
and the container position was rotated within the incubators (IC100, Labec, Sydney, 
Australia and TRI-750-2-SD, Thermoline Scientific, Sydney, Australia) to account for 
potential thermal gradients [see 4]. Heart rates of embryos (HR: bpm) were monitored 
at four times (6 am, 12 noon, 6 pm, and 12 am) over a 24 h period, once every 7 days. 
Each week, four clutches, consisting of 4 eggs in each treatment, were chosen for HR 
monitoring. Heart rates were detectable at warmer temperatures in week four, but only 
detectable at all incubation temperatures in weeks seven and eight. Eggs were 
immediately placed on a Buddy digital egg monitor system 
(R)
 (Buddy, Vetronic 
Services, Devon, UK) in complete (see Lierz et al. 2006; Loudon et al. 2013). Eggs 
were handled carefully during the HR measurement, with respect to egg orientation, 
to avoid embryonic mortality. Heart rates of each egg were monitored until a stable 
HR was reached before the egg was placed back into its original position within the 
clutch. Incubation length was measured in days from time of oviposition to time of 
pipping (Gutzke et al. 1984).  
 
Measurements of hatchlings were taken with callipers of the straight carapace length 
(mm), straight plastron length (mm) and mass (g). Within 12 h of hatching, hatchlings 
were placed on a table, upside down, on their carapace and timed to see how long it 
would take them to right themselves (up to 300 s), as an indication of performance 
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ability and coordination (Delmas et al. 2007). The hatchlings are required to use their 
neck and head to flip themselves onto their plastron (Delmas et al. 2007).  
 
3.4 Results 
Data were checked for normality (Shapiro-Wilk´s) prior to any statistical tests. Paired 
t-tests (randomised within clutch) indicated that the bottom eggs of each clutch were 
significantly heavier than top eggs (t9=2.49 p=0.02), where average difference in egg 
mass was 2.19% of total mass. Heart rates were affected by incubation temperature 
and nest position. In the 2
nd
 last week of incubation in the high fluctuating 
temperature regime, paired t-tests indicated that both bottom (first half) and top 
(second half) eggs had similar heart rates over a 24h period, except at 6am (26
o
C), 
where bottom eggs had significantly higher heart rates than top eggs (t6=4.7 p<0.01). 
In week 8, however, top eggs (control) had significantly higher heart rates than 
bottom eggs (treatment) at 26
o
C (6pm) (t6=2.8 p=0.03) and 19
o
C (midnight) (t5=2.0, 
p=0.05; Fig. 1a). The trends were similar in the low fluctuating temperature regime, 
bottom eggs (control) had significantly higher heart rates than top eggs (treatment) at 
the warmer temperatures in week 8 (t7=2.1 p=0.04, 12pm; t7=2.2 p=0.03, 6pm; Fig. 
1b).  
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Figure 3.1 Mean heart rates of turtles at each temperature in the (a) high fluctuating and (b) 
low fluctuating temperature regime (6h intervals: 6am-midnight) in weeks 7 (grey) and 8 
(black). Dashed lines are data from bottom eggs and solid lines are from top eggs (±S.E). 
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Top eggs (second half) in the high fluctuating temperature regime hatched 
significantly earlier than bottom eggs (t14=1.9 p=0.04), whereas the reverse occurred 
in the low fluctuating temperature regime (t16=3.5 p= 0.001; fig. 2). Significant 
difference in average egg mass between early and late oviposited eggs did not result 
in differences in hatchling mass in any treatment. There was no significant difference 
in righting abilities. 
 
 
Figure 3.2 Average clutch incubation length of top and bottom eggs in different temperature 
regimes (+S.E, c: control, t: treatment).  Top eggs in the high fluctuating temperature regime 
hatched significantly earlier than bottom eggs, whereas the reverse occurred in the low 
fluctuating temperature regime. 
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3.5 Discussion 
Our findings indicated eggs were optimised to their position in the nest and 
oviposition order may represent a maternal adaptation to enhance embryonic and 
hatchling survival. Firstly, similar to marine turtles (e.g. C. mydas (Caldwell 1959) 
and Caretta caretta (Hays et al. 1993)), bottom eggs (first half) were significantly 
heavier than top eggs in E. macquarii. Bottom eggs are required to support the mass 
of those above them throughout development (Tucker and Janzen 1998) and in large 
marine turtle clutches, bottom eggs are much heavier than the average variation 
(2.19%) in egg mass between top and bottom eggs in E. macquarii, which produce 
10-30 eggs per clutch (Cann 1998). Secondly, embryonic development and 
metabolism was optimised for particular thermal regimes. Both control groups 
displayed a greater capacity to increase heart rates in the last few weeks of 
incubation in their native thermal regimes and subsequently hatched earlier than 
treatment groups (Fig 1), with no perceived cost to their neuromuscular ability.  
 
To our knowledge, this is the first study to demonstrate that uterine egg position may 
be adaptive to external incubation temperature. The mechanisms that drive intra-
clutch differences in thermal sensitivities are unknown. In birds, maternal 
manipulation of intra-clutch egg size and hormone levels promotes growth and 
competition between asynchronously hatched nest mates, encouraging either brood 
reduction or survival (Slagsvold et al. 1984; Schwabl et al. 1997). Differences in 
thermal tolerance, or sensitivities between top and bottom eggs in a nest may 
specifically relate to maternal/yolk concentrations of thyroid hormones. Intra-clutch 
variation in thyroid hormone in Japanese quail (Coturnix japonica) eggs varies 
significantly (McNabb and Wilson 1997) and in turtles, thyroid hormones accelerate 
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metabolism and embryonic development (O'Steen and Janzen 1999). However, at 
high incubation temperatures, high concentrations of thyroid hormones can be lethal 
(O'Steen and Janzen 1999). Even at constant temperatures, turtle embryos establish 
developmental circadian rhythms in heart rates (Loudon et al. 2013) and increased 
thyroid activity of less developed embryos may be important to potentially maintain 
higher developmental rates during cooler parts of the day.  
 
Turtles optimise incubation conditions through nest site selection and nest 
construction, but this study also demonstrates that thermal optimisation may also be 
achieved during vitellogenesis. Although Temperature-dependent Sex Determination 
(TSD) is viewed as one of the major adaptations to incubation temperature (see 
Charnov and Bull 1977) in reptiles, subtle changes to egg composition may be more 
widespread and effective in many oviparous species. 
 
3.6 Acknowledgements 
We thank the Webb family for their time, help, and use of their property; Jessica K 
McGlashan, Jessica Dormer and Heidi Stricker for their time and help with egg 
collection. Research was conducted under UWS ACEC A9910, NSW NPWS Permit 
12975, and NSW Fisheries Permit P09/0070-1.0. This work was supported by the F. 
G. Swain Award from the University of Western Sydney Hawkesbury Foundation. 
 86 
3.7 Chapter 3 References 
Caldwell, D 1959, 'The loggerhead turtles of Cape Romain, South Carolina', Bulletin 
of the Florida State Museum, vol. 4, no. 10, pp. 319-48. 
 
Cann, J 1998, Australian freshwater turtles, Beaumont Publishing Pte Ltd, Singapore. 
 
Charnov, EL and  Bull, J 1977, 'When is sex environmentally determined?', Nature, 
vol. 266, no. 5605, pp. 828-30. 
 
Deeming, DC 2004, 'Post-hatching phenotypic effects of incubation in reptiles', in DC 
Deeming (ed.), Reptilian Incubation Environment, Evolution and Behaviour, 
Nottingham University Press, Nottingham, pp. 211-28. 
 
Delmas, V, Baudry, E, Girondot, M and  Prevot-Julliard, A-C 2007, 'The righting 
response as a fitness index in freshwater turtles', Biological Journal of the Linnean 
Society, vol. 91, no. 1, pp. 99-109. 
 
Georges, A 1989, 'Female turtles from hot nests: is it duration of incubation or 
proportion of development at high temperatures that matters?', Oecologia, vol. 81, no. 
3, pp. 323-8. 
 
Gutzke, WHN, Paukstis, GL and  Packard, GC 1984, 'Pipping versus hatching as 
indices of time of incubation in reptiles', Journal of Herpetology, vol. 18, no. 4, pp. 
494-6. 
 
Hays, GC, Adams, CR and  Speakman, JR 1993, 'Reproductive investment by green 
turtles nesting on Ascension Island', Canadian Journal of Zoology, vol. 71, no. 6, pp. 
1098-103. 
 
Janzen, FJ and  Paukstis, GL 1991, 'Environmental sex determination in reptiles: 
ecology, evolution, and experimental design', Quarterly Review of Biology, vol. 6, no. 
2, pp. 149-79. 
 
Lierz, M, Gooss, O and  Hafez, HM 2006, 'Noninvasive heart rate measurement using 
a digital egg monitor in chicken and turkey embryos', Journal of Avian Medicine and 
Surgery, vol. 20, no. 3, pp. 141-6. 
 
Loudon, FK, Spencer, R-J, Strassmeyer, A and  Harland, K 2013, 'Metabolic 
circadian rhythms in embryonic turtles', Integrative and Comparative Biology, vol. 
53, no. 1, pp. 175-82. 
 
McGlashan, JK, Spencer, R-J and  Old, JM 2012, 'Embryonic communication in the 
nest: metabolic responses of reptilian embryos to developmental rates of siblings', 
Proceedings of the Royal Society B: Biological Sciences, vol. 279, no. 1734, pp. 
1709-34. 
 
 87 
McNabb, FMA and  Wilson, CM 1997, 'Thyroid hormone deposition in avian eggs 
and effects on embryonic development', American Zoologist, vol. 37, no. 6, pp. 553-
60. 
 
O'Steen, S and  Janzen, F 1999, 'Embryonic temperature affects metabolic 
compensation and thyroid hormones in hatchling snapping turtles', Physiological and 
Biochemical Zoology, vol. 72, no. 5, pp. 520-33. 
 
Schwabl, H, Mock, D and  Gieg, J 1997, 'A hormonal mechanism for parental 
favouritism', Nature, vol. 386, no. 6622, p. 231. 
 
Slagsvold, T, Sandvik, J, Rofstad, G, Lorentsen, Ö and  Husby, M 1984, 'On the 
adaptive value of intraclutch egg-size variation in birds', The Auk, vol. 101, no. 4, pp. 
685-97. 
 
Spencer, R-J 2001, 'The Murray river turtle Emydura macquarii: population 
dynamics, nesting ecology and impact of the introduced red fox, Vulpes vulpes', 
University of Sydney. 
 
Thompson, MB 1988, 'Nest temperatures in the Pleurodiran turtle, Emydura 
macquarii', Copeia, vol. 1988, no. 4, pp. 996-1000. 
 
Tucker, JK and  Janzen, FJ 1998, 'Order of oviposition and egg size in the red-eared 
slider turtle (Trachemys scripta elegans)', Canadian Journal of Zoology, vol. 76, no. 
2, pp. 377-80. 
 
Warner, DA and  Shine, R 2010, 'Interactions among thermal parameters determine 
offspring sex under temperature-dependent sex determination', Proceedings of the 
Royal Society B: Biological Sciences, vol. 278, no. 1703, pp. 256-65. 
 
Weber, SB, Broderick, AC, Groothuis, TG, Ellick, J, Godley, BJ and  Blount, JD 
2012, 'Fine-scale thermal adaptation in a green turtle nesting population', Proceedings 
of the Royal Society B: Biological Sciences, vol. 279, no. 1731, pp. 1077-84. 
 
Zhao, B, Li, T, Shine, R and  Du, W-G 2013, 'Turtle embryos move to optimal 
thermal environments within the egg', Biology Letters, vol. 9, no. 4. 
 
 
 
88 
 
Section Break 
 
The first section of this thesis explored physiological adaptations and nest 
communication within the nest, as well as, maternal adaptations with respect to 
oviposition order and incubation temperature. The next section explores how 
incubation temperature and maternal identity (genotype) interact with different post-
hatching environments to affect growth and survival during a hatchling turtle’s first 
year. Incubation temperatures may modify an animal’s thermal optima (e.g. Burger 
1989). Through developmental plasticity, hatchlings from different incubation 
regimes may be better adapted to particular post-hatch environmental conditions 
(Watkins and Vraspir 2006), providing a form of resilience to unpredictability in post-
hatching environments. The two variables of post-hatching environments that were 
manipulated in this study was water temperature and population density, both of 
which are predicted to increase significantly in the Murray River due to increased air 
temperatures and reduced rainfall (Commonwealth Scientific and Industrial Research 
Organisation 2007). In the final chapter, I review the impact that both climate change 
and human activity may have on Murray River turtles. The focus of the review takes 
an adaptive point of view by assessing how individual life history traits, from 
molecular to population levels, might respond to changes of habitat and temperature 
based on basic demographic and thermal principles. 
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4.1 Chapter outline and authorship 
Chapter 4 is a research chapter on the long-term effects and interactions of incubation 
temperature and post-hatching environment in Murray River short-necked turtles 
(Emydura macquarii). Eggs were collected from gravid turtles in Albury, NSW, and 
transported to the University of Western Sydney Hawkesbury Campus where they 
were kept at constant temperatures, in complete darkness, and heart rates were 
monitored at weekly intervals over a period of 24 h. This study was conducted under 
the UWS Animal Care and Ethics Committee A7477, NSW National Parks and 
Wildlife Service’s Permit 12975 and NSW Fisheries Permit P09/0070-1.0. 
 
This manuscript is jointly authored, I am the primary author and I collected the eggs 
with Dr Ricky-John Spencer. I maintained the eggs throughout the incubation 
duration, and the turtles after hatching. I recorded growth measurements (mass (g), 
straight carapace length (mm), straight plastron length (mm) of the turtles, and the 
feeding rates of the turtles. I wrote the manuscript and Dr Ricky-John Spencer carried 
out statistical analysis and editorial feedback on earlier versions of the manuscript. 
 
  92 
4.2 Introduction 
Variation of phenotypes is fundamental for traits to evolve in response to selection 
and both environmental and genetic factors affect phenotypic variation (Mazer and 
Gorchov 1996). Phenotypic responses to the environment (plasticity- environment x 
gene interaction) may also be heritable and potentially evolve like any other 
genetically-based trait (West-Eberhard 2005). Thus identifying the relative 
contribution of both environmental and genetic sources of phenotypic variability of 
heritable traits is fundamental for the understanding of adaptive evolution (Arnold and 
Wade 1984).  
 
Phenotypic plasticity operates at all stages of an organism’s life history and 
environmental influences during embryogenesis and early ontogeny can have 
significant long-lasting effects on behaviour (Arnold and Wassersug 1978; Burger 
1989, 1990), growth (Richner et al. 1989; Sinervo and Adolph 1989; Rhen, Turk and 
Lang 1995; Spencer 2002), morphology (Kogel 1997; Elphick and Shine 1998; 
Relyea 2001) and survival (Gutzke, William H. N. et al. 1987; Andrews et al. 2000), 
particularly in oviparous species, where development occurs outside the mother’s 
body. In reptiles, incubation conditions experienced during embryogenesis influences 
a wide variety of hatchling traits including size (Gutzke, William H. N. et al. 1987; 
Whitehead and Seymour 1990; Van Damme et al. 1992), shape (Elphick and Shine 
1998; Andrews et al. 2000; Warner and Chapman 2011), colour (Vinegar 1974; 
Deeming and Ferguson 1989; Kogel 1997),  sex (Bull 1980; Du, W-G et al. 2007; 
Warner and Shine 2010), behaviour (Burger 1989, 1991; Damme et al. 1991),  and 
performance (e.g. Van Damme et al. 1992; Amiel, Joshua J. and Shine 2012; Amiel, 
Joshua Johnstone et al. 2014).   
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The ecological and evolutionary significance of the effects of incubation temperature 
remains obscure. While there has been an increase in investigations into persistence of 
incubation-induced modifications during the ontogeny, many studies rely on measures 
conducted on hatchlings, which may be transient, particularly in long lived species 
(e.g. Phillips et al. 1990; Shine, R and Harlow 1993; Shine, Richard 1995). The 
biological significance of such effects depends on the time-scale of events in the 
organism’s life-history (Elphick and Shine 1998). Incubation temperatures may also 
modify an animal’s thermal optima (e.g. Burger 1989); i.e. hatchlings from different 
incubation regimes have their peak performance in different environments. This 
plasticity and genetic adaptation may mitigate some of the negative biotic 
consequences of climate change, which has altered climate variability. 
 
Our study was designed to address these questions, by measuring among-nest 
variation in incubation temperatures on the growth of turtles in their first 12 months of 
life. Understanding how animals may respond or adapt to environmental changes 
associated with climate change is critical to assessing their risk and exposure. Growth, 
or more precisely, body size, is a major determinant of rates of mortality in juveniles 
turtles (Spencer et al. 2006). We examined turtle growth in two post-hatching thermal 
environments, as well as two post-hatching density environments, to determine 
whether incubation temperatures shift thermal optima for growth, or modified overall 
growth regardless of temperature or density.  
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4.3 Methods 
4.3.1 Study species 
Belonging to the family Chelidae, Emydura macquarii is a short-necked species of 
turtle that inhabits freshwater lagoons of the Murray Darling Basin and some river 
basins of coastal New South Wales and southeastern Queensland, Australia (Cann 
1998). Emydura macquarii are a predominantly aquatic species (Vitt and Caldwell 
2009), primarily only emerging from the water to construct nests and oviposit, or to 
bask. They oviposit up to 30 eggs from October to December (Bowen et al. 2005).  
 
4.3.2 Acquisition of eggs 
Using funnel and hoop traps, E. macquarii were captured in a Murray River lagoon, 
Albury, New South Wales (36°03'S, 146°56'E) from 9-13 November 2010. Female 
turtles were palpated in the inguinal region to determine if they were gravid, and gravid 
females were given a subcutaneous intramuscular injection of 2ml of oxytocin (Ilium 
Syntocin 10 IU/mL, Troy Laboratories PTY LTD) in the thigh (Spencer 2001) and 
then placed in water in containers until oviposition. Eggs were collected as they were 
oviposited and marked with a soft pencil (2B) to identify clutch and egg position. 
Eggs were buried in moist vermiculite and kept cool in a dark, air-conditioned room 
for up to 3 days until all eggs were collected. Turtles were palpated to confirm all 
eggs had been oviposited and were then returned within 24h to their site of capture. 
Turtle eggs were transported to the University of Western Sydney, Hawkesbury 
campus, and clutches were separated into individual containers for incubation. Each 
clutch was separated alternately with respect to oviposition order and incubated under 
two constant temperatures (30
o
C and 26
o
C). During incubation, containers were 
  95 
weighed and hydrated weekly to maintain a 1:1 ratio of mass of vermiculite to mass 
of water and the container position was rotated within the incubators (Contherm 500R 
and Sanyo MLR) to account for potential thermal gradients (see McGlashan et al. 
2012). 
 
4.3.3 Experimental design 
Hatchlings were kept in 400L ponds in an outdoor glass house at the University of 
Western Sydney, Hawkesbury Campus. There were eight ponds used during this 
study, four were control ponds, two were heat treatment ponds and two were 
population density ponds. All ponds experienced fluctuating temperatures of the 
external environment but the two heat treatment ponds were equipped with water 
heaters so that the water temperature did not fall beneath 15
o
C (E.macquarii stop 
feeding when water temperatures fall below 15-16
o
C, Chessman 1988). Sixteen 
hatchlings were allocated to each pond, with the exception of the two population 
density ponds, which had 26 hatchlings in each pond representing a 40% increase in 
density. The ponds had ~30 mm river sand as a substrate with vegetation (ribbon 
weed, Vallisneria americana, and duckweed, Lemna minor) with larger rocks for 
hatchings to bask on. Mean air temperatures at Richmond in winter (Jun-Aug) are 
<5
o
C and maximums are <19
o
C (Fig. 4.1, BOM 2014). All hatchlings were fed 
nannata (Aphia minuta) and bloodworms (chironomid larvae) three times a week, and 
aquatic plants (V. americana and L. minor) ad libitum. Turtles were removed from 
their ponds and fed, as a group, nannata and bloodworms in group containers. All 
food was weighed and food remaining after 2-3 hours was removed from the 
container and re-weighed to determine the amount of food consumed by the turtles 
from each pond. An average amount of food (g) per turtle was determined. Hatchlings 
  96 
mass (to the nearest cg), plastron length and carapace length (to the nearest 0.5mm) 
were recorded at monthly intervals. 
 
 
Figure 4.1 Mean monthly minimum and maximum temperatures (
o
C) and rainfall (mm) in 
Richmond NSW. 
 
4.3.4 Statistical analysis 
Relative growth rates (relative to initial egg mass to account for maternal effects) 
were determined by comparing body mass of each hatchling (from hatching date) at 1 
month, 5 months (prior to the winter period) and 11 months. The effects of clutch, 
incubation temperature and post-hatching environment at each time period were 
analysed using a three-way ANOVA (Sigmastat 3.5; Systat Software Inc.). Data were 
ln transformed if variances were not homogenous. Long-term effects of incubation 
temperature with respect to egg position were also tested by comparing growth of 
hatchlings from eggs that were oviposited early and late at each incubation 
temperature. Only the first fourteen eggs from each clutch were included in the 
analysis (see Loudon et al 2014, Chapter 3), and early oviposited eggs were 
  97 
considered eggs 1-7 and late oviposited eggs were considered eggs 8-14 (see Loudon 
et al. 2014, Chapter 3). Clutches were randomly assigned to either control (first half 
of eggs incubated at 26
o
C and the second half of eggs incubated at 30
o
C) or treatment 
(first and second halves of eggs were subjected to opposite thermal regimes) groups. 
Relative growth of turtles in treatment and control groups after 11 months was 
compared using paired t-tests (Sigmastat 3.5; Systat Software Inc.).    
 
4.4 Results 
4.4.1 Clutch x Incubation Temperature x Post-Hatching Environment (Temperature) 
Effects on Growth 
Turtles from heated and unheated environments consumed similar amounts of food 
from March to June, but over the winter months and through to December, turtles 
from heated ponds consumed  ~25% more food than turtles from unheated ponds (Fig. 
4.2). 
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Figure 4.2 Average grams of food eaten by turtles per month. The solid line represents the 
hatchlings in the unheated ponds and the dashed line represents the hatchlings in the heated 
ponds. 
 
There was a strong postive relationship between mass and carapace length (R
2
=0.92). 
One month after hatching, only clutch had significant effects on growth (Fig. 4.3; 
Table 4.1). Incubation temperature effects on growth were significant at 5 months 
(Table 4.1), but, there was a significant interaction between clutch and post-hatching 
environment (temperature) (Fig. 4.4). After 11 months, all treatment effects 
significantly influenced growth, with turtles from the warmer incubation temperature 
and post-hatching environment heavier than turtles from cooler temperatures (Fig. 
4.5). 
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Figure 4.3 Relative mass of turtles from different clutches, 1 month after hatching. 
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Figure 4.4 The interaction between clutch, post-hatching environment and incubation 
temperature on relative mass at 5 months. 
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Figure 4.5 The effects of clutch, incubation temperature and post hatching 
environment on growth after 11 months. 
Incubation 
Temperature 
Clutch 
Post-Hatching 
Environment 
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Table 4.1 ANOVA Tables comparing relative mass of turtles that were from 
different clutches, incubation temperatures and post hatching environment 
(temperature) after 1, 5 and 11 months after hatching. 
1 Month           
Source of Variation DF SS MS F P 
PHE (Temperature) 1 0.000168 0.000168 0.286 0.596 
Inc Temp 1 0.000655 0.000655 1.117 0.297 
Clutch 2 0.0883 0.0442 75.328 <0.001 
PHE (Temperature) x Inc Temp 1 0.000607 0.000607 1.036 0.315 
PHE (Temperature) x Clutch 2 0.00172 0.000858 1.464 0.244 
Inc Temp x Clutch 2 0.00142 0.000709 1.209 0.309 
PHE (Temperature) x Inc Temp x 
Clutch 
2 0.00228 0.00114 1.941 0.157 
Residual 39 0.0229 0.000586   
Total 50 0.12 0.0024   
        
  5 Months         
Source of Variation DF   SS   MS    F    P  
PHE (Temperature) 1 0.000541 0.000541 0.0313 0.861 
Inc Temp 1 0.0978 0.0978 5.656 0.023 
Clutch 2 0.101 0.0506 2.928 0.066 
PHE (Temperature) x Inc Temp 1 0.015 0.015 0.867 0.358 
PHE (Temperature) x Clutch 2 0.00538 0.00269 0.156 0.856 
Inc Temp x Clutch 2 0.107 0.0536 3.098 0.057 
PHE (Temperature) x Inc Temp x 
Clutch 
2 0.116 0.0582 3.365 0.045 
Residual 38 0.657 0.0173   
Total 49 1.114 0.0227   
        
  11 Months         
Source of Variation DF  SS MS F  P  
PHE (Temperature) 1 1.5 1.5 6.446 0.015 
Inc Temp 1 1.237 1.237 5.316 0.027 
Clutch 2 1.582 0.791 3.398 0.044 
PHE (Temperature) x Inc Temp 1 0.016 0.016 0.0686 0.795 
PHE (Temperature) x Clutch 2 0.919 0.46 1.974 0.153 
Inc Temp x Clutch 2 0.877 0.438 1.884 0.166 
PHE (Temperature) x Inc Temp x 
Clutch 
2 0.702 0.351 1.507 0.235 
Residual 37 8.613 0.233   
Total 48 15.666 0.326   
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4.4.2 Clutch x Incubation Temperature x Post-Hatching Environment (Density) 
Effects on Growth 
Density had little or no influence on growth (Fig. 4.6; Table 4.2), with only turtles 
from 26
o
C displaying reduced body sizes in low density environments, one and five 
months after hatching (Fig. 4.7).  In contrast, clutch (genotype) effects were observed 
throughout the study (Table 4.2; Fig. 4.7). Mean mass of turtles varied between 
incubation treatments, with hot-incubated turtles heavier than those from the cold 
incubation temperature (Fig. 4.7).  Effects of clutch and incubation temperature 
persisted for at least 11 months (Table 4.2).  
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Figure 4.6 Relative body mass of turtles incubated at 26
o
C (dark grey) and 30
o
C (light 
grey) at (a) 1 month and (b) 5 months after hatching (+SE). 
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Figure 4.7 Average relative mass (turtle mass/egg mass) of turtles from individual clutches 
that were incubated at two constant temperatures (26
o
C and 30
o
C) and two post-hatching 
environments (low density and high density) at 1 month, 5 months and 11 months after 
hatching (hatching date ±SE).  
Low Density 
High Density 
Post Hatching Environment 
Incubation Temperature (oC) 
Low Density 
Incubation Temperature (oC) 
Incubation Temperature (oC) 
Low Density High Density 
Post Hatching Environment 
Post Hatching Environment 
High Density 
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Table 4.2 ANOVA Tables comparing relative mass of turtles that were from 
different clutches, incubation temperatures and post hatching environment 
(Density) after 1, 5 and 11 months after hatching. 
1 Month           
Source of Variation DF SS MS F P 
Inc. Temp. 1 0.004 0.004 17.047 0.001 
Post Hatching Environment (Density) 1 0.001 0.001 4.885 0.044 
Clutch 4 0.018 0.004 19.586        <0.001 
Inc. Temp.x PHE (Density) 1 0.002 0.002 11.071 0.005 
Inc. Temp.x Clutch 4 0.002 0.0005 2.392 0.1 
PHE(Density) x Clutch 4 0.002 0.0005 2.108 0.134 
Inc. Temp.x PHE (Density) X Clutch 4 0.005 0.001 5.039 0.01 
Residual 14 0.003 0.0002     
Total 33 0.038 0.001   
         
  5 Months           
Source of Variation DF   SS   MS    F    P  
Inc. Temp. 1 0.021 0.021 5.085 0.041 
Post Hatching Environment (Density) 1 0.0003 0.0003 0.0818 0.779 
Clutch 4 0.049 0.012 2.998 0.05 
Inc. Temp.x PHE (Density) 1 0.019 0.019 4.62 0.05 
Inc. Temp.x Clutch 4 0.004 0.001 0.237 0.913 
PHE(Density) x Clutch 4 0.02 0.005 1.214 0.349 
Inc. Temp.x PHE (Density) X Clutch 4 0.011 0.003 0.699 0.605 
Residual 14 0.057 0.004     
Total 33 0.184 0.006   
         
  11 Months           
Source of Variation DF  SS MS F  P  
Inc. Temp. 1 0.164 0.164 11.123 0.005 
Post Hatching Environment (Density) 1 0.00004 0.00004 0.003 0.957 
Clutch 4 0.6 0.15 10.139        <0.001 
Inc. Temp.x PHE (Density) 1 0.0001 0.0001 0.007 0.933 
Inc. Temp.x Clutch 4 0.085 0.021 1.43 0.275 
PHE(Density) x Clutch 4 0.136 0.034 2.307 0.109 
Inc. Temp.x PHE (Density) X Clutch 4 0.006 0.002 0.108 0.978 
Residual 14 0.207 0.015     
Total 33 1.327 0.04   
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4.4.3 Intra-clutch Adaptation 
Intra-clutch specific incubation temperature optima may also exist. Later oviposited 
eggs exposed to hotter incubation temperatures grew quicker than turtles from the 
same clutch that were oviposited earlier (t19=2.0 p=0.03; Fig. 4.8). Similar effects 
were not observed at low incubation temperatures (Fig. 4.8).  
 
 
Figure 4.8 Percentage change in mass of turtles that were early (treatment-red) and late 
(control- blue) oviposited and incubated at the hotter thermal regime (solid lines). Percentage 
change in mass of turtles that were late (treatment-black) and early (control- grey) oviposited 
and incubated at the cooler thermal regime (dashed lines). 
 
4.5 Discussion 
Our data allow us to address the persistence, consistency and intra-clutch adaptations 
of incubation-induced changes to the phenotypes of young turtles. The magnitude of 
the growth response to incubation treatment increased during ontogeny (Table 4.1). 
Hot-incubated E. macquarii hatchlings were significantly heavier than their cold-
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incubated siblings, and significant interactions with the post-hatching environment 
were present 1-month after hatching (Table 4.1). Post-hatching environment and 
incubation interaction was present at 1 and 5 months but was not significant at 11 
months (Table 4.1). Incubation temperature effects were dominant at 11 months, 
regardless of post-hatching environment. Incubation effects were evident throughout 
the first year of development in turtles in this study, but in field study that monitored 
E. macquarii turtle growth over five years, incubation effects were not evident until 
the fourth year (Spencer et al. 2006). The adaptive significance is unknown. There 
may be no such adaptive value; the observed effects may be simple, non-adaptive 
consequences of different developmental pathways induced by incubation 
temperatures. The effect of incubation temperature on hatchling size is not consistent, 
with larger hatchlings produced in warmer incubation temperatures in some species 
(e.g. montane scincid lizards, Bassiana duperreyi (Elphick and Shine 1998), or in 
cooler incubation temperatures in others (e.g. common snapping turtles Chelydra 
serpentina (Rhen, Turk and Lang 1995; Rhen, T. and Lang 1999)). However, the 
major determinant of growth was genotype, with larger eggs producing larger 
hatchlings and faster post-hatching growth rates (Roosenburg and Kelley 1996; 
Janzen, Fredric J. and Morjan 2002).  
 
The effect of incubation conditions on size and performance of oviparous reptiles has 
been well documented but long term effects of incubation temperature and post-
hatching environments are less established. Burger’s (1990) hypothesis that the 
temperature at which a reptile embryo is incubated determines a thermal ‘set point’ 
for the lifetime of the animal was not supported in this study. Temperatures 
experienced during embryogenesis did not appear to ‘set’ thermal optima for growth 
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with limited interactive effects between incubation temperature and post-hatching 
environment. The effects of density were limited; however, the effects of the post-
hatching thermal environment only became evident in winter when turtles in the 
warmer environment began consuming more food than their cooler sibs (Fig. 4.2). 
The difference in rates of consumption became more apparent in Spring (Fig. 4.2), 
when daytime temperatures begin to rise significantly above temperatures where E. 
macquarii stops feeding (~16
o
C; Chessman 1988), but night time temperatures remain 
significantly lower (Fig. 4.1). Our temperature treatment does not allow temperatures 
to fall below 15
o
C, thus allowing these ponds to warm quicker on hot Spring days and 
thus allowing for greater consumption of food. Although the effects of the post-
hatching thermal environment only became apparent from mid-winter, differences in 
relative mass of genotype are prominent at hatching and throughout development. 
Particular genotypes may also be more suited to specific post-hatching environments.  
 
Genotype has a large effect on turtle hatchling growth (Rhen, Turk and Lang 1995), 
clutch size (Rowe 1994) and clutch mass (Iverson and Smith 1993). Larger females 
generally produce larger reproductive output, be it through clutch size or egg size 
(Congdon et al. 1987). Larger eggs generally produce larger hatchlings and although 
hatchling mortality was not affected in this study, the size of hatchling and juvenile 
contribute to their vulnerability in the wild. Larger red-eared slider hatchlings 
(Trachemys scripta elegans) were favoured in the presence of avian predators 
(Janzen, F. J. et al. 2000), as were larger common snapping turtle hatchlings (C. 
serpentina) in the presence of aerial and terrestrial predators (Janzen, Fredric J 1993), 
but size did not affect hatchling or juvenile C. serpentina survival in another catch 
and release study (Congdon et al. 1999). Size did not affect locomotor performance in 
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C. serpentina (Janzen, Fredric J 1993), but it was correlated with size in neonatal 
garter snakes (Thamnophis sirtalis),  where longer snakes were more likely to survive 
their first year (Jayne and Bennett 1990). Slight variations in size or locomotor 
performance are amplified in hatchlings emerging from a nest. For turtle hatchlings, 
that are particularly vulnerable on the journey from the nest to the water, any 
advantage for survival is crucial. Painted hatchlings only 1% longer than their sibs 
were more likely to survive the terrestrial migration from the nest to the water (Paitz 
et al. 2007). 
 
Feeding rates between the turtles in the heated and unheated ponds were similar with 
food intake decreasing during winter months (June, July) until 6 months of age, when 
turtles in heated ponds consumed more food per turtle than those in the unheated 
ponds in spring. This increase in food intake (~35%) was not entirely reflected in the 
hatchling size at 11 months, with only a 4% difference in relative mass between 
turtles from the warmer and cooler post hatching environments. The disparity between 
food intake and growth could  be attributed to the theory of ageing where resources 
are allocated to maintenance, growth, or reproduction (Monaghan and Haussmann 
2006; Robert and Bronikowski 2010). Ectotherms experience torpor in temperate 
winters, which leads to reduced metabolism and movement, suggesting that 
maintenance should be lower over winter, compared with other seasons (Schwanz et 
al. 2011). Thus turtles in the warmer post-hatching environment must divert 
significant amounts of extra resources consumed during this period to maintenance. 
 
Increases in temperature in the post-hatching environment have less long-term effects 
on growth than incubation temperature, which may help buffer the effects of climate 
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change. However, if warmer temperatures increase food consumption and energy 
budgets, it may also increase the need to maintain or mount many types of host 
immune responses during winter (Prendergast et al. 2002). In the short term this may 
decrease rates of mortality, but in the long-term it may reduce longevity, as it is 
negatively linked with metabolic rate (Demas et al. 1997). The long-term 
ramifications of climate change on nest-site selection are significant. Maternal nest 
site choice plays a vital role in egg incubation temperatures (Thompson 1988) and egg 
survival (Wilson 1998). Nest that are shaded by trees/shrubs are exposed to different 
temperatures than those that are not near vegetation (Wilson 1998). Likewise, the 
proximity of the nest to water affects embryonic mortality by risking suffocation to 
the embryos if the nests become water logged (Whitmore and Dutton 1985), but adult 
survival may force turtles to nest closer to water sources in the presence of predators 
(Spencer 2002). Nest site selection poses a trade-off between providing optimal 
conditions for the embryos and minimising female mortality (Spencer 2002). 
Predation during nesting is a significant cause of adult mortality in turtles and can 
affect nest site selection (Spencer 2001). Female painted turtles are philopatric to 
microgeographic sites and to vegetation cover types within a nesting beach 
(Valenzuela and Janzen 2001), but as climate change evolves, the areas with optimal 
conditions today will change in the future. Vegetation and ground temperatures will 
change, and in turn, the area available and suitable for nesting may decrease.  
 
Intra-clutch variation in thermal optima is adaptive. Eggs subjected to non-native 
temperature ranges within a nest, fair worse during incubation, taking longer to hatch 
(Loudon et al. 2014; Chapter 3), but the effects on growth are long-lasting, 
particularly in turtles that were subjected to high incubation temperatures (Fig. 4.3, 
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Table 4.1). During embryogenesis, embryos are limited in their thermoregulation 
capabilities. Most turtle embryos can survive periods at thermal extremes during 
incubation, however, most species have a very narrow thermal optima rage, where 
traits like growth, survival and mobility are optimised (Gutzke, William H. N. and 
Packard 1987; Rhen, Turk and Lang 1995; Ji et al. 2003; Du, W-G et al. 2010). 
Recently, embryos have been shown to behaviourally micro-manage incubation 
temperatures by moving within the confines of their egg (Du, WG et al. 2011; Zhao et 
al. 2013), but when microclimates within nests exceed the embryos thermal 
capacities, other adaptations, such as egg position optimisation, are required, because 
this study, as well as Spencer et al (2006), confirms that the effects of incubation 
temperature are persistent throughout the juvenile stage. 
 
In contrast to Spencer et al (2006), effects of density on growth were not observed in 
this study. In a long-term field study, Spencer et al (2006) manipulated recruitment 
levels in a lagoon and found counter-intuitive density-dependence effects on growth, 
where turtles in the high juvenile population grew faster than turtles from the low 
density population. There are several reasons why this effect was not observed in this 
study. Firstly, turtles were fed well during this study and did not need to compete for 
food. Competition for food may have led to higher mortality rates of smaller turtles in 
the field study (Spencer et al. 2006). Secondly, Spencer et al. (2006) may have 
effectively tested population differences rather than differences in density. Although 
the study was a long-term field assessment of the population ecology of a long-lived 
species, the study was not replicated to account for differences between resource 
levels between populations. Differences in resource levels and thermal environments 
may also explain differences in growth between populations. 
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The effect of incubation temperature on hatchling size is species specific with larger 
hatchlings produced under warmer incubation temperatures in some species (e.g. 
montane scincid lizards, Bassiana duperreyi (Elphick and Shine 1998)), or under 
cooler incubation temperatures in others (e.g. common snapping turtles Chelydra 
serpentina (Rhen, Turk and Lang 1995; Rhen, T. and Lang 1999)). Similarly, the 
effect of incubation temperature on post-hatching growth rates is also species specific 
with some species growing faster after being incubated at warmer temperatures (e.g. 
Brisbane river turtles, Emydura signata (Booth et al. 2004) or cooler temperatures 
(e.g. wall lizards, Podarcis muralis (Brana and Ji 2000)). Despite incubation 
temperatures, hatchling size is significantly affected by genotype, with larger eggs 
producing larger hatchlings and faster post-hatching growth rates (Roosenburg and 
Kelley 1996; Janzen, Fredric J. and Morjan 2002). 
 
Survival advantages associated with larger hatchling sizes are not without cost, faster 
growth rates also induces more risk-taking behaviour to maintain that growth 
trajectory and can consequently affect survival (Gotthard 2000; Biro et al. 2004). 
Other effects of incubation environments may not become evident until maturity such 
as adult reproductive behaviour and physiology (e.g. leopard geckos, Eublepharis 
macularius (Gutzke, W. H. N. and Crews 1988)).  
 
Do bigger turtles have a survival advantage that translates into differential fitness? 
Whilst it seems intuitively reasonable that ‘bigger is better’, to date only a few studies 
have formally qualified the effect of growth on survivorship in the field and results 
are not conclusive either way (e.g. Jayne and Bennett 1990; Congdon et al. 1999; 
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Janzen, F. J. et al. 2000). To our knowledge this is the first study to identify the long 
term effects of incubation temperature in varied post-hatching environments on 
hatchling turtles. This study was limited in that survivorship could not be accurately 
assessed as the hatchlings were not exposed to predators and did not have to compete 
for food. Potentially, with these additional stressors, growth rates between incubation 
and post-hatching environments would have been amplified and a more accurate 
portrayal of what would be observed in the wild would have been achieved.  
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5.1 Chapter outline and authorship 
Chapter 5 outlines the impact of habitat modification and climate change on 
freshwater turtles located in and around the Murray River. Freshwater turtles in this 
area experience an extremely high nest predation from foxes (Vulpes vulpes), but 
remain among the highest biomass of any vertebrate in the ecosystem. The secret is 
their resilience through adaptive changes of a life history pattern that is strongly 
density dependent. This review assesses how climate change predictions will affect 
habitat in the Murray River over the next 100 years and identifies how turtles may 
respond to these changes. We also identify key areas where management can facilitate 
adaptive strategies of turtles to a rapidly changing environment. 
 
The following manuscript is jointly authored, and I am the primary author and wrote 
the manuscript. Dr Ricky-John Spencer provided editorial feedback on earlier 
versions of the manuscript and provided unpublished data he had collected with Dr 
Amanda Sparkman and Dr Anne Bronikowski on Reactive Oxygen Species levels in 
painted turtles (Chrysemys picta). 
 
We would like to acknowledge and thank the editors, Dr Dan Lunney and Dr Pat 
Hutchings, and reviewers, Dr Mike Thompson and Dr Kylie Robert who provided 
feedback on the following manuscript prior to its acceptance by the journal.  
 
This chapter is a published book chapter and should be cited as:  
Loudon, F.K., Spencer, R.-J., 2012. Applying theories of life history and ageing to 
predict the adaptive response of Murray River turtles to climate change and habitat 
modification, in: D. Lunney, P. Hutchings (Eds.), Wildlife and Climate Change. 
Royal Zoological Society of New South Wales, 127-136. DOI: 10.7882/fs.2012.019 
  123 
5.2 Introduction 
Appearing on the fossil record more than 200 million years ago (Near et al. 2005), 
turtles have persisted through widespread environmental change, such as the 
Cretaceous extinctions and subsequent ice ages. Their successful survival strategy is 
buoyed by their conservative body plan (Lovich 2003). Despite their success in 
enduring throughout major climatic changes, the impacts of humans, such as habitat 
destruction and the introduction of invasive predators, may now be threatening their 
survival globally (Bowkett 2009). 
 
Turtles inhabit all continents except Antarctica and are facing significant conservation 
issues that are challenging their survival (Turtle Conservation Fund 2002). The major 
threats to turtles include habitat destruction, pollution, disease, and over-exploitation 
for meat consumption or various body parts (Wilson and Tisdell 2001). In addition to 
this, most turtles will be exposed to a direct threat on their population demographics 
that will potentially cause their eventual extinction. With the majority of the world’s 
turtles, as well as other reptilian species, experiencing Environmental Sex 
Determination (ESD), predicted warming events will not only affect their aquatic 
habitat, but also potentially eliminate males from populations if temperatures 
continually exceed pivotal temperatures during critical periods of incubation (Janzen 
1994; Hulin et al. 2009). 
 
With ESD, hatchling sex is determined by the environmental temperature encountered 
during the second trimester of development (Janzen 1994). Species differ in the 
incubation ranges to produce a specific sex, with some producing females at both high 
and low temperatures and males at intermediate temperatures, while other species 
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produce females at warmer temperatures and males at cooler temperatures or vice 
versa (Ferguson and Joanen 1983; Ewert and Nelson 1991). The pivotal or ‘switch 
over’ temperature range is less than 1oC for most species, meaning that small 
increases in incubation temperature can completely change the sex ratio of the clutch 
(Moran 2003). With the threat of increased global temperatures, species with ESD 
may endure shifts in sex ratios that create an unsustainable population. An elevation 
of 4oC in central North America has the potential to alter sex ratio of painted turtles, 
Chrysemys picta, to the extent of all males being eradicated, effectively making the 
species reproductively redundant, or a 2
o
C rise in temperature severely skewing sex 
bias (Janzen 1994). ESD has been linked to the extinction of dinosaurs (Miller et al. 
2004) and although turtles endured through the Cretaceous extinctions (Near et al. 
2005), it remains unclear whether they may persist through future climate change 
events. Climate change modelling has largely focused on its potential effects on sex 
ratios at the incubation stage; however the effects of rapid changes in climate, 
combined with increased human activity in freshwater environments, will have far 
more immediate and significant impacts than skewed sex ratios in a life history stage 
that already suffers extremely high rates of mortality. Turtle populations with ESD 
have undergone sex biases over several successive seasons (Janzen 1994), but the life 
history strategy of slow growth and late on-set of maturity, incorporated with the 
longevity of the species, minimises the long-term, threat of skewed sex ratios that 
would otherwise affect earlier maturing and short-lived species. Besides, in a 
heterogeneous nesting environment, small changes in nesting behaviour (eg. nesting 
earlier or in different locations) can dramatically affect incubation temperatures.  
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All but one Australian freshwater turtle, the pig-nosed turtle, Carretchelys insculpta, 
has genetically dependent sex determination and much of the current body of 
scientific literature on the potential impact of climate change on freshwater turtles is 
largely irrelevant to Australian populations. Regardless, if turtles with ESD persist, 
there will be other environment challenges that they will still have to overcome as 
global changes in climate occur. As ectothermic animals, growth, digestion, 
metabolism, reproduction and activity are all closely related to temperature in turtles. 
In addition, changes to water levels in lakes, rivers and wetlands may severely impact 
access to suitable habitat and nest sites, as well as increasing their exposure to 
predators and human interactions. The conservative life history evolution that enabled 
them to persist through environmental changes in the past may render them unable to 
adapt rapidly to the multitude of environmental changes that have occurred over the 
last 200 years and are predicted to occur into the future. Critically, increases in 
mortality to each life history stage of turtles (eg. nest predation from foxes, Vulpes 
vulpes, on eggs; reduction of permanent water and habitat from drought, climate 
change or water diversions; increased disease and parasitic loads from increased 
salinity) may lead to population declines (Spencer and Thompson 2005), but changes 
in mortality can also be sources of selection and/or adaptation to increase population 
resilience (Spencer et al. 2006).  
 
In this review, we predict the impact that both climate change and human activity may 
have on Murray River turtles. We limit our review primarily to the effects of changes 
to water regime and temperature. The focus of the study will take an adaptive point of 
view by assessing how individual life history traits, from molecular to population 
levels, might respond to changes of habitat and temperature based on basic 
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demographic and thermal principles. While the focus of the study is on freshwater 
turtles of the Murray River, many of the principles and management 
recommendations should also apply to other major predators in the system, such as 
Murray Cod (Maccullochella peehi peehi) and Golden Perch (Macquaria ambigua 
ambigua). 
 
5.3 Turtles in the Murray River 
Three species of turtles live in the Murray-Darling basin: the broad-shelled turtle, 
Chelodina expansa, the eastern long-necked or snake-necked turtle, Chelodina 
longicollis, and the Macquarie or Murray River short-necked turtle, Emydura 
macquarii (Michael and Lindenmayer 2010). Although all three species spend the 
majority of time in water, they will travel over land to other water bodies or to lay 
eggs, making themselvesvulnerable to predation, as well as their eggs, by the 
European Red fox (Spencer et al. 2006; Michael and Lindenmayer 2010). All three 
are amongst the oldest maturing and longest living freshwater species in the world 
(Shine and Iverson 1995). The two long necked species are obligate carnivores, 
whereas E. macquarii is omnivorous, consuming large volumes of filamentous algae 
or aquatic macrophytes (Spencer et al. 1998). All three species are found in 
permanent lakes, lagoons or oxbows of the River itself (Chessman 1988), but C. 
longicollis will also exploit temporary water bodies in large densities (Iverson 1982; 
Chessman 1988). When water levels are low, turtles will traverse over land in search 
of other water bodies or they can bury into the mud and enter long periods of 
aestivation until water levels increase after rain (Michael and Lindenmayer 2010).   
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5.4 Climate change and the Murray River 
The Murray River forms part of the Murray-Darling basin, a highly important 
agricultural resource which covers 14% of Australia (Wei et al. 2011). Over one third 
of Australia’s food supply is generated from the Murray-Darling Basin area and an 
estimated $5 billion gross agricultural output per year (Quiggin 2001). Large-scale 
irrigation settlements were introduced in the late 1800’s to support the agriculture in 
the area, which is prone to highly sporadic, but low average rainfall (Quiggin 2001). 
Although supporting Australia’s economy with the water diversions, the area has been 
negatively impacted by land degradation, river water and land salinity, decrease in 
water quality and loss of biodiversity (Quiggin 2001).  
 
Since the introduction of large-scale irrigation to the system over a hundred years ago, 
local ecosystems were forced to adapt rapidly or change. Now, in addition to water 
diversions, the threat of increasingly warmer and dryer weather conditions that are 
predicted, will mean that both the aquatic and floodplain environments will continue 
to change rapidly. CSIRO (2007) climate change predictions for the Murray-Darling 
basin will see increases in mean temperature and considerably less rainfall over the 
next hundred years. For the Murray River in particular, such predictions are that by 
2030 the average annual temperature could increase by up to 1.6
o
C with rainfall 
dropping by up to 13% (CSIRO and Australian Bureau of Meteorology 2007). By 
2070, the changes could be as much as +4.8
o
C and -40% rainfall annually. In addition 
to annual rainfall changes, an increase in evaporation levels, droughts, extreme winds 
and number of fire days is expected (CSIRO and Australian Bureau of Meteorology 
2007). The general consensus is that the amount of free-standing water in the Murray 
River, ie. permanent water bodies, will continue to decline simply because of 
  128 
increased demand from agriculture and population growth (Khan 2008). Climate 
change will hasten these environmental changes. 
 
Combined with a reduction in the number of permanent water bodies, shallower water 
levels will mimic potential effects of climate change, with increased water 
temperatures and densities of freshwater turtles and fish. Water quality in the Murray 
River may be reduced by lower flows and higher temperatures. Increased incidence of 
fire could impact on the surrounding vegetative ecosystem as well as contaminating 
catchment areas with sediment and debris. Inadequate rainfall and stream flows, may 
increase salinity levels (Beare and Heaney 2002) or increase water nutrient levels, 
coupled with increased temperatures may create optimal conditions for algal blooms 
or other harmful occurrences. Ultimately, decreases in important flooding events and 
runoff may impair the function of freshwater wetlands that provide habitat for many 
wildlife species (CSIRO and Australian Bureau of Meteorology 2007). 
 
5.5 Adapting to Less Water 
The consequences of reduced permanent water and longer intervals between flooding 
events should lead to an increase in turtle densities because lagoons and lakes will be 
shallower and rates of immigration from drying water bodies will increase. Combined 
with increased water temperatures, water quality is likely to reduce further and many 
lagoons and lakes may become more eutrophic. Productive environments are not 
necessarily negative for turtles, population and biomass density of snapping turtles, 
Chelydra serpentina, are significantly higher in habitats of relatively high primary 
productivity (Galbraith et al. 1988). Similarly, Murray River turtles, particularly E. 
macquarii, which consume large quantities of algae (Spencer et al. 1998), may also 
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flourish if primary productivity increases, but the biomass of Murray River turtles are 
already amongst the highest in the world (Iverson 1982; Thompson, Michael B 1983; 
Spencer and Thompson 2005). The question is whether there will be enough 
water/habitat to support the current populations that are already under severe 
predation pressure from introduced species? In answering this question, the effects of 
population density need to be considered to assess the true impact of climate change 
on Murray River turtle populations.  
 
The current major threats to Murray River turtle populations are predation from 
introduced species (Thompson, Michael B 1983) and rising salinity levels, which are 
directly impacting turtles through disease and parasites (Kingsford et al. 2011) and 
indirectly through loss of habitat. A large population decline was predicted to have 
already occurred because of long-term sustained nest predation since foxes were 
introduced around 200 years ago (Thompson, M B 1993), however, densities are still 
extremely high and populations have adapted (or evolved) to extreme nest predation 
(Spencer et al. 2006). The key seems to relate to strong population density 
dependence that evokes strong competitive interactions because at high densities, 
survival of juveniles is highly dependent on body size (Spencer et al. 2006). The 
result is a significant physiological response that alters demographic parameters such 
as juvenile growth, which ultimately leads to life history adaptation or evolution. 
 
Anthropogenic induced changes of demographic processes have the potential to 
induce adaptive changes to life-history strategies. So far, there are three examples of 
how density-dependence plays a major role in regulating Australian freshwater turtle 
populations. Chelodina rugosa in northern Australia rebounds rapidly after density 
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reductions from harvesting and pig predation (Fordham et al. 2007). The population 
resilience occurs by an increase in hatchling recruitment and survival past juvenile 
stages (Fordham et al. 2007). Spencer and Janzen (2010) explored how an increase in 
juvenile density through the removal of predators impacted population growth 
estimates and the strength of selection on stage-based life-history traits. Long-term 
impacts of a North American population of turtles, C. picta, in a major recreational 
site have increased adult mortality of turtles but decreased nest predation, resulting in 
higher juvenile recruitment which in turn has led to fast individual growth and early 
on-set of maturation (age at maturity has halved) ie. higher productivity. Density-
dependent selection for larger body size appears the mechanism behind this change in 
life history. The role of density-dependent selection as a possible adaptive strategy in 
turtles was first noted by Spencer et al (2006), who experimentally induced 
counterintuitive growth patterns in E. macquarii. Juvenile growth rate is positively 
related to density because body size is the primary determinant of survival at high 
densities. In addition to this, growth rate is genetically determined, which also implies 
an adaptive and evolutionary based resilience. 
 
With all life stages displaying some level of density dependence in several turtles, it is 
likely that changes of density because of reduced permanent water in the Murray 
River will induce similar adaptive responses to that in North America. Increased adult 
mortality and density dependent selection for rapid juvenile growth should lead to 
earlier maturation at a smaller size of Murray River turtles, which will increase the 
reproductive potential of the population. The caveat is that nest predation on the 
Murray River is likely to remain much higher than in the North American population, 
where human activity has not only impacted on adult survival,  it has also reduced 
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densities of nest predators (Spencer and Janzen 2010). Unless climate change 
negatively impacts foxes, the major nest predator of turtles in the Murray River, 
higher densities of turtles and a reduction in permanent wetlands may actually 
increase levels of predation because nests will be more concentrated. Higher nest 
predation rates maystifleany adaptive mechanisms through increased juvenile growth 
rates as a response to increased densities. 
 
Temperature is another factor that will obviously be affected with increasing drought 
and changes in the amount of permanent water. Impoundments in the Murray-Darling  
have changed the amount of and quality of naturally occurring floodplain wetlands 
(Kingsford 2000). Areas historically subjected to flooding events, are now unlikely to 
flood regularly, due to impoundments and water diversions upstream from the 
wetland (Kingsford 2000). Even with artificially maintained water bodies, higher 
evaporative rates and drier conditions predicted by climate change models will 
decrease the volume of permanent lagoons, and increase productivity to levels that 
will make many uninhabitable because water temperatures will promote blue–green 
algal blooms that may persist throughout the year. Being ectothermic, physiological 
processes such as growth and metabolism in turtles will also increase with increasing 
water temperatures, further enhancing the rate of adaptation. However, as water holes 
dry, turtles will starve and their exodus to search for new habitat will increase 
mortality rates. Adult survival is important for long-term sustainability of turtle 
populations (Spencer 2002b) and if populations that are already stressed, a loss of a 
small proportion of adult females could result in the population decline predicted by 
Thompson (1993).  
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5.6 Physiological Adaptations 
Coltman (2008) argued that adaptation and rapid contemporary evolution occurs in 
response to invasive species, habitat degradation, climate change, and exploitation, 
but if adaptation or evolution is to occur amongst Murray River turtles, some major 
physiological changes will be associated with increased growth rates and earlier 
maturation. Much of the research on anthropogenically induced adaptation or 
evolution of organisms lies in theoretical and experimental considerations of ageing 
and fisheries research, such as commercial fishing practices inducing a reduction in 
the age and size at which fish mature (Swain et al. 2007). The theory of ageing is 
based on a life history trade-off between an investment in maintenance or investment 
in growth and reproduction (Monaghan and Haussmann 2006; Robert and 
Bronikowski 2010). Ageing occurs on both a cellular and organismal level whereby 
the physiological capabilities of an organism diminishes over time, culminating in 
senescence and eventually death (Robert and Bronikowski 2010). In unstable 
environments, an organism may divert resources towards rapid growth and early 
reproduction at the expense of maintenance because mortality rates are high (Robert 
and Bronikowski 2010). In contrast, in stable environments, where survival rates are 
high, organisms may favour delayed maturity (at a larger body size) to increase 
lifetime fecundity (Robert and Bronikowski 2010).   
 
The ecological advantages to rapid growth increase body size as fast as possible 
include the reduction of risk to being caught by predators and increased reproductive 
success amongst others, however, rapid growth can also have negative effects as well. 
Accelerated growth in juvenile life stages is associated with impaired later 
performance and reduced longevity (Metcalfe and Monaghan 2003). The link between 
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rapid growth and the risk of death is well established because faster growth rates often 
require increased food intake, which in turn may increase incidences of exposure of 
the individual to predators and predation risk (Gotthard 2000). Extrinsic factors that 
may change rapidly in the Murray River because of climate change or human activity 
may interact in complex ways. Populations of turtles that are on a fast growth 
trajectory through adaptation or increases in temperature, may also be more 
vulnerable to starvation during periods of food shortage (Blanckenhorn 2000), 
because their metabolism is adjusted to high rates of nutrients (Arendt 1997). 
 
Regardless of an animal’s life history strategy, there is a limited amount of energy 
available to it at any one time. From a theory of ageing view, if an organism grows at 
a faster rate, it does so at the expense of investment in maintenance and increases the 
potential of oxidative damage and telomere abrasion associated with respiration and 
cell division, accelerating cellular senescence (Houben et al. 2008). Faster 
development may also impair the quality of the structure, as observed in feathers 
(Dawson et al. 2000) and fish scales (Arendt 2001). Cellular maintenance was tested 
in three short-lived and three long-lived Colubrid species, and the long-lived species 
showed greater DNA repair capability (Bronikowski 2008) and lower levels ROS 
production (Robert et al. 2007). The western terrestrial garter snake, Thamnophis 
elegans, evolved into two separate ecotypes, representing both short-lived and long-
lived life histories, where the long-lived group show increased levels of maintenance 
such as more efficient mitochondria, lower levels of ROS production and a greater 
DNA repair capability (Robert and Bronikowski 2010). These traits that have been 
linked to longevity would be expected to decrease in turtles if their life histories 
shifted towards short-lived strategies of faster growth and earlier maturity. 
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None of these theories have been tested in Australian species, which are amongst the 
longest-lived turtles in the world (Shine and Iverson 1995). Turtles and tortoises are 
long-lived vertebrates, with some species being able to live in captivity more than 100 
years, and have high adult survivorship in natural conditions (Gibbons and Semlitsch 
1982). Unlike mammalian species, there has been no clear evidence to confirm these 
animals undergo senescence (Girondot and Garcia 1999). Negligible senescence 
refers to a few select animals, such as turtles, that do not display indicators of ageing. 
Indicators include measurable reductions in their reproductive capability or functional 
decline, or higher mortality in later life (Girondot and Garcia 1999). However, only 
two long-term studies of freshwater turtles have demonstrated negligible senescence 
(Congdon et al. 2001; Congdon et al. 2003). Cellular indicators of ageing in turtles are 
not consistent. Telomere lengths have not been researched amongst many turtle 
species, however in European freshwater turtles, Emys orbicularis, there appears to be 
no correlation with ageing (Girondot and Garcia 1999) yet in the loggerhead sea 
turtle, Caretta caretta, telomeres do appear to shorten with age (Hatase et al. 2008). 
Once a cell reaches the telomeres critical length and the telomeres become uncapped, 
the result is either senescence, apoptosis or activation of telomerase (Monaghan and 
Haussmann 2006). The enzyme telomerase can restore telomere levels, avoiding cell 
senescence; however this risks the occurrence of malignant tumour cells (Forsyth et 
al. 2002). The association of telomere lengths and survival has also been seen in tree 
swallows, Tachycineta bicolour, where those individuals with longer telomere lengths 
survived more breeding seasons (Haussmann et al. 2005).  
 
The highest rate of telomere loss occurs during juvenile stages (Hall et al. 2004). 
Animals that have accelerated growth during the juvenile stage usually have higher 
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rates of telomere loss than then juveniles with normal growth (Hall et al. 2004). 
Regardless of whether telomeres shorten with age or during accelerated juvenile 
growth in turtles, the sheer length of them may in fact mean that they are immune to 
traditional indices of senescence. However, with a greater focus on growth, rather 
than maintenance, as turtles adapt to climate change and increased human activity on 
the Murray River, we may begin to see higher mortality rates and increased signs of 
ageing. Although more research is needed in this area, it may be that telomeres are 
long enough in turtles to circumvent the potential problem of immune dysfunction 
with age, as indicated by the fast growing and early maturing population of C. picta in 
North America showing little decline in immune responses with age (Schwanz et al. 
2011). They do however show some indication of ageing more rapidly than their slow 
growing conspecifics (Fig. 5.1). Fast growing hatchlings raised under common-garden 
experimental conditions have more Reactive Oxygen Species (ROS) in their blood 
after 1yr than slow growth hatchlings from other populations (Fig. 5.1). Another 
indication of the costs of accelerated growth is increased metabolism and cellular 
respiration. Mitochondria produce ROS as a by-product of cellular respiration (Droge 
2002; Weinert and Timiras 2003) and when high ROS levels occur, mitochondrial 
function can be damaged, resulting in DNA damage and cell senescence. 
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Figure 5.1 H2O2 concentrations (±S.D) in blood of 1-yr-old painted turtles (USA) from a fast 
growing and human impacted population (IL) and from slow growing, pristine populations 
(NE and WA). Methods for obtaining H2O2 concentrations from blood are detailed in Robert 
et al. (2007). Reactive Oxygen Species (ROS) (free radicals), such as H2O2, attack proteins in 
DNA. Ageing results from damage by ROS (unpubl. Data Spencer R-J, Sparkman A and 
Bronikowski A.) 
 
Longevity is important to the reproductive strategy of turtles. There is a high mortality 
rate of juveniles but this is compensated by reproductive success throughout their 
lifespan, unlike mammals that progress to reproductive senescence. Long term studies 
of Blanding’s turtle, Emydoidea blandingii, and painted turtles, Chrysemys picta, in 
Michigan have allowed aspects of field gerontology to be explored (Congdon et al. 
2001; Congdon et al. 2003). Reproductive output and survivorship continues to 
increase in female E. blandingii (Congdon et al. 2001), which is similar to C. picta, 
however they are also able to continuously increase body size with age (Congdon et 
al. 2001; Congdon et al. 2003). Chrysemys picta in the fast growing population in 
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Illinois have adopted a different strategy. They mature up to four years earlier and at a 
smaller size than in Michigan, but increases in clutch size are not linear and 
asymptote within four years of the first year of reproduction (Spencer and Janzen 
2009). Currently, female E. macquarii in Murray River display similar patterns to the 
long-living, later maturing populations of turtles in Michigan, where reproductive 
output increases linearly with body size and survival rates do not decline even in the 
oldest age/size classes (Spencer and Thompson 2005).  
 
The impact of accelerated growth in Murray River turtles from decreases in water 
levels and elevated temperatures may see a major shift in the physiological and 
cellular functions that allow it to maintain its current life history strategies. Any life 
history changes have flow on affects for the ability of Murray River turtles to adapt, 
which will ultimately determine their survival. If Murray River turtles grow at faster 
rates as juveniles than they are currently, they may shift their life history patterns so 
that they mature at a younger and at smaller sizes, which may impact their fitness and 
ability to reproduce successfully throughout their lifespan. This adaptive strategy is 
actually the process of increasing productivity of the population, but with long 
generation times, the resilience of these populations are likely to be tested because 
environmental conditions may change more rapidly than the internal population and 
physiological mechanisms of the turtles. 
 
5.7 Managing For Climate Change 
Resilience science is a relatively new branch of science that combines theoretical and 
applied aspects of ecology, physiology, evolution and molecular biology to 
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understand the adaptive capacity of large long-lived species to climate change and 
human modification of riverine environments. Reducing vulnerability of our aquatic 
wildlife urgently requires the application of adaptation and mitigation options at 
appropriate scales. Their effectiveness depends on building community and national 
capacity to respond to changes and on mainstreaming climate change adaptation in 
policies regarding natural resource management. Turtles may represent a key species 
for managing aquatic vertebrates in the system. There are two major foci for 
managing the system for climate change and human activity. Firstly, it is critical to 
identify wetlands that are unlikely to dry over the next 50-100 years. These areas will 
be critical habitat for a range of species, including turtles. By identifying areas that 
will be critical habitat in the future, areas that are currently permanent, but are likely 
to dry, can also be identified and possible relocation strategies can be implemented- 
particularly in wetlands that are close to major roads. The development of 
environmental watering protocols is an initiative that will benefit both fish and turtles 
in the Murray River. The initiative improves understanding of how fish in floodplain 
wetlands have responded to environmental water conditions, such as levels and 
seasonality into a management-friendly decision support system. A predictive 
decision-support tool to support regional wetland management has been produced to 
allow adaptive management decisions for increasing drought and climate change from 
a local perspective (Goyder Institute for water research 2011). Maintaining the quality 
of these key wetlands is also critical. The use of the Murray-Darling Basin as an 
agricultural resource is unavoidable for Australia’s economy, but a more holistic 
approach to the irrigation management and water diversions is needed (Kingsford 
2000) The traditional conservation practices of minimising erosion and salinity are 
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important initiatives in these key wetlands to maintain water quality and nesting 
habitat for turtles.  
 
Secondly, management must also focus on enhancing the adaptive resilience of 
freshwater turtles and fish in the Murray River. Using the biology of the turtles is 
certainly the most cost effective strategy to enhance and maintain populations under 
increased stress. Nest predation is extremely high on Murray River turtles 
(Thompson, M B 1986; Spencer 2002a), limiting the potential resilience that may be 
established through density dependent selection for juvenile growth. Simply reducing 
the reliance on adult survival will increase the resilience of a population. Chelodina 
expansa is in much smaller numbers than E. macquarii in the Murray River, but 
despite its vulnerable status, the higher juvenile recruitment of C. expansa makes it 
relatively more stable than E. macquarii (Spencer and Thompson 2005). Identifying 
wetlands, where foxes are reduced or removed, and they can become ‘hubs’ for 
recruitment throughout the River is an important strategy to maintain population 
resilience key. Predator proof fencing is currently being used in some areas of the 
Murray (Murray-Darling Basin Commission 2007) but this solution is not a 
widespread cost-effective solution. More broad-scale solutions may lie in the 
development of new toxins, such as para-aminopropiophenone (PAPP), and trials of 
Mechanical Ejectors (MEs) for predator control. The mode of action of PAPP is 
similar to carbon monoxide poisoning, but PAPP in high enough doses in production 
baits will kill bandicoots and goannas (Ballard et al. 2009), but used in MEs, it has the 
potential to provide continual fox control in sensitive areas on the Murray River 
where traditional 1080 baiting is problematic because of non-target issues. Fox baiting 
can achieve a significant reduction in nest predation (Spencer 2002a), but pulse fox 
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baiting campaigns are largely ineffective at long-term control and are generally not 
cost-effective, particularly if management is not coordinated with all stakeholders 
across a landscape. Mechanical Ejectors (MEs) have been trialled for over 10 years in 
Australia and are now used by NSW National Parks and Wildlife Services (Marks and 
Wilson 2005).  
 
5.8 Conclusions 
Turtles are more than 200 million years old and they are survivors. However, humans 
over the last few hundred years have had a greater impact on their existence than any 
ice age or mass extinctions that occurred during the Cretaceous period. Climate 
change and changes in the aquatic habitat of the Murray River will impact turtles, but 
they are adaptable. Anthropogenic induced adaptation or evolution of long-lived 
organisms is becoming the norm, rather than the exception. Turtles have shown the 
capacity to live with, and even thrive in, areas where nest predation rates have been 
over 93% for at least 20 years (Thompson, M.B. 1982; Spencer 2002a). Density 
appears the biological mechanisms by through which turtles can adapt and evolve, but 
the combined pressures of high mortality in more than one life stage because of 
habitat changes over the next 50-100 years may be enough to push them to the brink 
of extinction. 
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CHAPTER 6 
 
General Discussion and Conclusion 
This thesis explored developmental plasticity and the relative contributions of genes 
and the environment to growth and survival of the Australian freshwater turtle, 
Emydura macquarii, in a world of increasing anthropogenic influences.  
 
I used multi-disciplinary techniques to explore the responses of developing embryos 
to overcome temperature gradients within nests to coordinate development in order to 
hatch synchronously  (Thompson 1988; Spencer et al. 2001). Heart rates of 
developing E. macquarii embryos exhibit circadian rhythms under constant 
temperature and can fluctuate by up to 20% over a 24 h period (see chapter 2). As 
ectothermic animals, metabolism in turtles is influenced by temperature but embryos 
are able to accelerate development in the presence of more advanced siblings  
(McGlashan et al. 2012) and potentially these daily fluctuations are facilitating this to 
achieve hatching synchrony by altering their developmental rates (Spencer et al. 2001; 
Colbert et al. 2010). Embryonic heart rates fluctuate independently of time of day and 
peak heart rates are not synchronised within a clutch, but embryos incubated in a 
group environment had significantly shorter incubation periodss than those incubated 
individually (see chapter 3). Turtle nests provide a sensory-rich environment that may 
affect post-hatching cognitive ability and neuromuscular function.  
 
Sensory stimulation during embryonic development has been studied somewhat in 
bird species (see Schwagmeyer et al. 1991; Reynolds and Lickliter 2002; Markham et 
al. 2008) and turtle hatchlings incubated in group environments show a trend for 
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improved neuromuscular ability over hatchlings incubated individually, but the 
difference was not significant in this study (p=0.07, see Chapter 3). Regardless, nests 
are complex systems that are comprised of various microclimates that should 
encourage asynchronous development, but individual eggs may be adapted for faster 
development under particular thermal regimes within a nest (see Chapter 4). Variation 
in egg size in relation to oviposition order has been documented in turtle species with 
larger eggs being oviposited first (see Chapter 4; Caldwell 1959; Hays et al. 1993; 
Tucker and Janzen 1998), potentially to support the mass of eggs above them 
throughout development (Tucker and Janzen 1998). With this adaptation to nest 
environment evident, potentially other adaptations exist as well. Oviposition order, 
thus egg position within a nest, interacts with fluctuating incubation temperature 
regimes in E. maquarii, with hatchlings incubated under thermal regimes that 
represent their natural position in the nest having reduced incubation duration and had 
higher heart rates in the last few weeks of development at no perceived cost to their 
neuromuscular ability (see chapter 4). This suggests embryos are optimised for 
development in particular thermal ranges, potentially through differential maternal 
resource allocation, as documented in bird species (Slagsvold et al. 1984; Schwabl et 
al. 1997). 
 
The effect of incubation temperature on hatchlings is species specific, with some 
species potentially having a survival advantage when incubated under hotter 
temperatures (e.g. montane scincid lizards, Bassiana duperreyi, produce larger 
hatchlings (Elphick and Shine 1998) and enhanced learning performance (Amiel and 
Shine 2012); green turtles, Chelonia mydas, have increased locomotor performance 
(Booth, David T 2006)) and others at intermediate or cooler temperatures (e.g. 
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common snapping turtles, Chelydra serpentina, produce larger hatchlings (Rhen, Turk 
and Lang 1995; Rhen, T. and Lang 1999); Eastern fence lizard, Sceloporus undulatus, 
have increased survival (Andrews et al. 2000); Brisbane River turtle, Emydura 
signata, have increased locomotor performance (Booth, David T. et al. 2004)). Much 
of the research on incubation temperature on reptiles is limited to hatchling 
morphology or hatchling traits, but not monitored over longer periods, with many 
studies concluding before hatchlings reach adult sizes. The research on the effect 
incubation temperature has on reptile hatchlings is extensive, but fewer studies have 
looked at the long term effects of incubation temperature or its interaction with the 
post-hatching environment and whether these effects translate into a survival 
advantage. 
 
With climate change imminent, predicted temperature rises and decreases in rainfall 
will force animals to either adapt or expire, and ectothermic reptiles will be 
particularly vulnerable to temperature changes. For animals with temperature-
dependant sex determination (TSD), small changes in environmental temperatures has 
the potential to skew sex ratios to critical limits (Janzen, F J 1994; Hulin et al. 2009). 
Both TSD and genetic sex determination species will encounter environmental 
challenges through rapid human-induced changes to habitat and suitable nest site 
availability. To an extent, changes in mortality rates can improve population 
resilience through selection and/or adaptation (Spencer et al. 2006).  
 
In E. macquarii, hotter incubation temperatures produce larger hatchlings and this 
effect persists into the juvenile stage (see chapter 5). Genotype, incubation 
temperature, and post-hatching environment affects growth in E. macquarii 11 
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months after hatching, with hatchlings incubated at hotter temperatures subjected to 
warmer post-hatching environments being larger. Hatchlings in the population density 
post-hatching environment also showed incubation and genotype effects on growth at 
11 months after hatching, but population densities used in this study did not have a 
long term effect. Hatchling size has been positively correlated with survival in some 
species in the presence of predators (e.g. red-eared sliders, Trachemys scripta elegans 
(Janzen, F. J. et al. 2000); common snapping turtle hatchlings, Chelydra serpentina 
(Janzen, Fredric J 1993), through improved locomotor performance (e.g. garter 
snakes, Thamnophis sirtalis (Jayne and Bennett 1990)), but although larger sizes may 
be important and beneficial at hatching, there are associated costs that may not be 
advantageous at other life history stages. To maintain high growth rates, more 
foraging is required thus more risk-taking behaviours and exposure to predators (Biro 
et al. 2004). 
 
6.1 Conclusions 
 
Turtles have persisted through considerable environmental changes in the Murray 
River over the past 200 years, and rely on large populations to continue to do so. This 
thesis has highlighted important adaptations early in life that ultimately shape the life 
history of turtles in this system. The narrow range of incubation temperature optima 
has important consequences for management in a rapidly changing system. While 
turtles have a range of adaptations within the nest, the importance of nest sites with 
specific microhabitat requirements stands out. Numerous studies have demonstrated 
that Murray River short-necked turtles (Spencer 2002; Spencer and Thompson 2003), 
and turtles world-wide (Wilson 1998; Wood et al. 2000; Kolbe and Janzen 2002), 
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have very specific and heritable nest habitat requirements, and in a system that has 
had substantial riparian habitat modification and likely to be subjected to extremes of 
temperature and drought through anthropogenic climate change, optimal nest sites 
may become limited. This study clearly shows that turtles incubated in this narrow 
range of thermal optima have clear advantages in terms of growth, regardless of 
changes to post-hatching environment and while numerous developmental adaptations 
are evident in this thesis, can turtles evolve different thermal optima or nest site 
preferences in response to rapidly changing environments? In isolation, this question 
may seem trivial for a taxa that has endured more than 220 million years (Li et al. 
2008), but in the context of other threats (eg. fox predation, habitat reduction and road 
mortality), a reduction in optimal nesting grounds may represent another important 
threat to species in the Murray River that are already considered vulnerable (State 
Government Victoria 2013). 
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